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Abstract 
This thesis consists of two parts. One is an extension and development of Personal 
desk lab (PDL), the development of apparatus for calorimetric experiment (Chapter 2), 
and the other is the calorimetric study on supercooled liquid glycerol using the 
developed apparatus (Chapter 3). 
Chapter 2 describes the concept and development of PDL. As an extension of PDL 
to calorimetric experiment, three calorimeters (SC1, SC2 and SC3) were 
developed maintaining the PDL concept: low cost, small size, attractiveness and 
reliability. They have advantages of 1) miniaturization, 2) modularization. 3) ease of 
construction, maintenance and repair, 4) utilization of IC and PC technologies, and 5) 
ease of extension to research use. SC1 is a convenient and portable unit fitting the PDL 
concept. SC2 expands the working temperature range of 150-350 K. SC3 is the most 
sensitive model with a working temperature range of 150-350 K. Furthermore, an 
evaluation method for the thermoelectric module, and the calibration for heat flow 
sensor are presented. 
Chapter 3 presents the study of the thermal behavior of supercooled liquid glycerol 
carried out by using SC2 and SC3. The thermograms of glycerol were determined at the 
cooling and warming rates of 0.05, 0.1, 0.2, 0.5, 1, 2 and 4 mK/s in the temperature 
range from 293 to 163 K. The thermograms exhibit nucleation, glass transition, 
crystallization, solid-solid transition and melting peaks. The nucleation peak at around 
214 K on cooling and new solid-solid transition peak at 229.1 K on warming were 
discovered. The crystallization process was observed on warming supercooled glycerol, 
and the crystallization temperature Tp shows its dependence on the scanning rate where  𝑞 ∝ exp(−𝐸c/𝑇p) with Ec = 6.56×103 K. Crystallization process was separated into 
three regimes. The shape and position of the endothermic melting peak were also found 
dependent on scanning rate, but the width of the melting peak was larger than 10 K, 
which suggests that structural distribution exist in the crystal. The melting process was 
separated into two stages; Recrystallization is reversible in stage 1 and irreversible in 
stage 2. The glass transition temperature on warming Tg’ varied with scanning rates; this 
dependence is of the Arrhenius type. The glass transition temperatures on cooling TgC 
depending on the cooling rate are determined precisely within ±0.03 K using a new 
definition as the temperature at which the fraction of glass, Fg, is 0.5. The traces of Fg 
for different cooling rates are scaled to a master curve using a differentially normalized 
time. The master curve is successfully fitted to the Kohlrausch-Williams-Watts function. 
It was found that the relaxation time takes the Arrhenius form in the range from 175 K 
to 187 K. Values of Kohlrausch exponent β, τ (T), Tgτ and the kinetic fragility m were 
determined and compared with the evidences in the literature. We suggest that for 
glycerol there are two temperature regions bounded at about 1.1Tgτ in which the 
relaxation behavior is different. The fluctuational heat flow was observed in the 
temperature range from 197 to 225 K. 
   It was proven that the apparatus (SC2 and SC3) demonstrated excellent performance 
in this research. 
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Chapter 1 
Introduction 
1.1 Background 
Liquid is one of the three classical states of matter. A liquid has viscosity, a measure 
of its resistance to flow. As a liquid is cooled its viscosity normally increases, but 
viscosity also has a tendency to prevent crystallization. A liquid below its standard 
melting point will generally crystallize in the presence of a seed crystal or nucleus 
around which a crystal structure can form. However, lacking any such nucleus, the 
liquid phase can be maintained all the way down to the temperature at which the system 
becomes so viscous that it forms an amorphous (non-crystalline) solid, known as the 
glass. The liquid phase between the melting point and the glass transition temperature 
Tg is called supercooled liquid. 
Although liquid is very familiar in all human activities: living life, industry and 
scientific research, it still provides us many questions such as, 
 Is liquid really homogeneous? How is heterogeneity made in liquid? 
 Does liquid-liquid transition exist? 
 When and how does supercooled liquid start to crystallize? 
 How does a liquid vitrify? 
 Exist there a range of temperatures for melting of pure substance? 
 What are the states at the boundaries of liquid/crystal and of liquid/glass? 
We do not yet have answers to these questions based on microscopic 
behavior/aspect. The answers would be important in condensed matter physics and very 
valuable for the material industry. 
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1.2 Methodological approaches: Calorimetry 
To reveal the nature of liquid, many experimental methods have been used; namely, 
thermal analysis, X-ray diffraction, neutron diffraction, light scattering, NMR, dielectric 
spectroscopy, viscometry, polarized microscopy, density analysis, etc. 
To distinguish between liquid and crystal states, the viscoelastic method and 
structural determination are useful. Comparing methods, calorimetric measurement 
gives us non-direct information about the transition and has the important benefits. 
Firstly, it can measure with a temperature resolution of less than 20 µK. Secondly, such 
a measurement can be used to detect very small amount of heat (below 6 nJ), which 
enables the performance of experiments with slow scanning rate and may facilitate the 
detection of thermal fluctuation of the sample. 
In recent studies [1-4], it has been emphasized that the thermal history of the liquid 
sample is very important for the study of supercooled liquid, glass transformation and 
crystallization. Calorimetric measurement is very suitable to control the temperature 
according to multiple protocols.  
This research was performed using calorimetry, which has many outstanding 
characteristics: 
 it provides well defined calorimetric data. 
 it has very high temperature resolution up to sub mK. 
 it can be conducted at very slow temperature scanning rate over many months. 
 it can detect almost all transformations in liquid. 
1.3 Material for experiment: Glycerol 
The phenomenon of glass transition was initially recognized by Gibson and Giauque 
(1922) in an experiment on the heat capacity of glycerol [5]. Ever since, glycerol has 
been commonly used to study the glass state [1,2,6,7]. 
The crystallization kinetics of polymers has been actively researched [8-11]. 
However, to fully understand the crystallization kinetics more precisely, a closer and 
deeper examination of simpler molecular systems is desired. To my knowledge, there 
has been no report of the thermogram of crystallization for glycerol. 
Glycerol is one of the most suitable materials for my research; because, 
 it is a fairly simple molecule, compared to polymers, 
 it is easy to vitrify by decreasing the temperature, 
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 it crystallizes very slowly under specific conditions [5,12-15] 
 it has been well studied using both experiments and simulations, and basic data 
are well known, 
 it is a substance that can be easily obtained in high purity, 
 it is used in a wide range of fields: cryobiology, pharmacy, food, etc.  
1.3.1 Characteristics and properties 
Glycerol (1, 2, 3-propanetriol) is an organic compound, also called glycerin or 
glycerine. It is a colorless, odorless, viscous liquid with a sweet taste and low toxicity, 
and can be derived from both natural and petrochemical feedstocks. The 
glycerol substructure, shown in Figure 1.1, is a central component of many liquids. 
Glycerol is completely dissolved in water and alcohol. It is slightly soluble in ether, 
ethyl acetate, and dioxane and insoluble in hydrocarbons. Glycerol contains three 
hydrophilic alcoholic hydroxyl groups, which are responsible for its solubility in water 
and its hygroscopic nature. The physical and chemical properties of glycerol are shown 
in Table 1.1 [5,16]. 
Glycerol is an excellent glass former. Physically, glycerol easily becomes a 
supercooled liquid as temperature is lowered below its melting temperature, and forms a 
glass at its glass transition temperature. 
 
Figure 1.1 Structure of glycerol. 
Glycerol is one of the most extensively systems for studying hydrogen bonds by 
mean of both experiments and modeling simulations. The present of three hydroxyl 
groups in the molecule gives rise to complex conformational and structural behavior in 
the condensed phase. Figure 1.2 shows the six types of backbone conformers that exist 
for the glycerol molecule.  
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Table 1.1 Summary of some physicochemical properties of glycerol [5,16]. 
 
 
 
 
 
 
 
 
Figure 1.2 Backbone conformers of the glycerol molecule (reproduced from Ref. 17). 
 
Chemical formula 
Molecular mass 
Density at 20 ºC 
Viscosity at 20 ºC 
Surface tension at 20 ºC 
Melting point 
Boiling point 
Heat of fusion  
C3H5(OH)3 
92.09382 g/mol 
1.261 g/cm3 
1.5 Pa.s 
64.00 mN/m 
18.2 ºC 
290 ºC 
18.3 kJ/mol 
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1.3.2 Variety of applications 
Worldwide production of glycerol has been estimated to be a huge amount in 
various reference sources. This amount is used in a wide variety of applications. The 
number of manufacturing and processing sites for glycerol is significant based on its 
ubiquitous use and the source and quantity of releases will vary depending on the nature 
and pattern of uses. 
Glycerol is used as a constituent in numerous products and as an intermediate in 
industrial applications for the manufacture of products such as soaps/detergents and 
glycerol esters. It has important roles in pharmaceuticals, which include skin lotions, 
mouthwashes, cough medicines, drug solvents, serums, vaccines, and suppositories. 
Furthermore, glycerol has a wide variety of applications in consumer products such as 
cosmetics, tobacco, food and drinks and is present in numerous other products such as 
paints, resins and paper. It serves as humectants, sweetener, solvent or preservative. For 
example, it is used as a down hole lubricant in oil and gas fields and as a wetting agent 
in pesticide formulations. 
1.4 Aim and objective of this study 
In this research, we would like to achieve the following goals:  
1. Develop a super-sensitive calorimeter available at low temperature down to 130 
K,  
2. Obtain the thermograms of glycerol at a wide temperature scanning rates and at 
various temperature protocols. 
3. Analyze the experimental results in term of material transformations (glass 
transition, crystallization, melting and others if any)  
4. Reveal the nature of the supercooled liquid and its transformation based on 
experimental results and the available literature. 
1.5 Overview of the Thesis 
This thesis presents the calorimetric study of glycerol over a wide range of scanning 
rates and at temperatures ranging from above the melting point to below the glass 
transition temperature. First a super-sensitive calorimeter suitable for the experiment 
was developed. The thesis is organized as follows:  
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Chapter 2 presents the expansion of Personal Desk Lab. (PDL) system for thermal 
analysis by developing three calorimeters SC1, SC2 and SC3. SC1, the most convenient 
type, works from room temperature to 420 K. Both SC2 and SC3 are combined with 
refrigerators, to work at a temperature range from 130 to 350 K. SC3 has multiple 
thermal radiation shields to stabilize the temperature, and achieves the best sensitivity in 
heat flow. A thermoelectric module (Peltier couples in series) is used as a heat flow 
sensor in the calorimeters. Novel determination methods of Peltier coefficient, Seebeck 
coefficient and thermal resistance of thermoelectric module are described. Finally, the 
calibration of the heat flow sensor is presented. 
Chapter 3 describes the calorimetric study of supercooled liquid glycerol using the 
developed calorimeters, SC2 and SC3. At first, thermograms at various 
temperature-scanning rates are presented. Experimental results are analyzed in 
accordance with the anomalies indicated in the thermograms, corresponding to: melting, 
glass transition, new solid-solid transition, crystallization, nucleation and enormous 
fluctuational heat flows. We also provide discussion comparing the present analysis and 
the results given in earlier literature. 
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Chapter 2 
Method and Apparatus 
2.1 Principle of Thermal Analysis 
A material changes its state and/or characteristics when temperature is changed. 
Heat causes evaporation, melting, crystallization and many other kinds of change to 
materials. Thermal analysis is an important and popular group of techniques, in which 
one (or more) property of a sample is measured as a function of temperature while the 
sample is subjected to a controlled temperature program. It is used to reveal the 
characteristics of materials. The commonly used methods are Differential Thermal 
Analysis (DTA), Differential Scanning Calorimetry (DSC), Thermogravimetric 
Analysis (TGA), Thermomechanical Analysis (TMA), Dilatometry (DIL), Dynamic 
Mechanical Analysis (DMA), Dielectric Thermal Analysis (DEA), Evolved Gas 
Analysis (EGA), and Thermo-optical Analysis (TOA). 
In this study, we adopted single type of scanning calorimetry. The reason is its 
simplicity, which makes it easier to realize the PDL concept described below and to 
extend to more precise specification.  
2.2 Apparatus 
The apparatus used to perform the experiments in this thesis were laboratory made. 
At first, they were designed and developed for education concerning PDL concepts 
[1-3] and then modified for research. In this section, we will introduce the concepts of 
PDL and the modification of a calorimeter for research. 
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2.2.1 PDL concepts 
The opportunities for students to handle sophisticated equipment to learn advanced 
physics are scar. Consequently, they lack the chance to advance their thoughts in 
physics. Let us take the case of higher education in Physics in a developing country as 
an example. The Royal University of Phnom Penh (RUPP) in Cambodia has rather 
limited equipment for physics experiments and hence self-directed programs are 
inadequate in the curriculum. The students attend almost only lectures, and they have 
little opportunity to assess real physical phenomena to examine their knowledge. 
Without hands-on manipulation of real physical phenomena, students may not have 
confidence or full understanding of the knowledge, and they may easily forget them. 
Besides, they do not have a chance to develop the skill of handling real materials or 
tools. Therefore, it is utmost important to introduce youths to experimental physics and 
a new apparatus called Personal Desk Lab (PDL) is designed to ease the work and to 
attract those willing to learn physics through investigative activities. 
The main idea behind the development of PDL is to help students in developing 
countries to better understand real physical phenomena that occur around them every 
day. In order to achieve this main goal and make it available for all kinds of users, 
especially students who are interested in physics, this newly developed apparatus must 
have the following advantages: 
The cost of the apparatus is low enough for low-income people. The cost of the 
apparatus is low enough for low-income people. 
 The cost of the apparatus is low enough for low-income people. 
 The size of the apparatus is small enough to fit on desktop and be portable so 
that each student can use it individually in a classroom. 
 The apparatus can be battery-driven; they can be used without power line. 
 The experiment is attractive, interesting and reliable for both students and 
teachers. 
Extensions to the basic requirements are presented in the following subsections. 
2.2.1.1 Miniaturization 
“Smallness in size” has two advantages: one is space and the other is cost. By 
miniaturization, the students can conduct experiments on their desk instead of heavy 
and long table, and cost can be saved on materials and energy consumed in both the 
fabrication and operation of the apparatus can be reduced. Many miniaturized apparatus 
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can also run on battery. 
2.2.1.2 Modularization 
The experimental apparatus can be decomposed into specific parts depending on 
their functions. The users build the apparatus on a B5 size (18×26 cm2) plate with many 
parts for a specific experiment. Modularization is also a very important strategy to 
reduce the cost of the equipment. This is realized by the reduction in the number of 
components needed for many kinds of experimental apparatus because some parts can 
be used commonly in many experiments. The apparatus constructed by this technique 
can be small in size, reproducible, and easy to be replaced/reconfigured/repaired. 
Furthermore, the division of one experimental apparatus into some modules provides a 
chance for the student to reassemble parts before starting the experiment. This has good 
effects on the student because the activity strengthens his/her awareness and helps 
memorization. A final advantage is that the experimental apparatus is not fixed rigidly 
but can be modified or improved easily by changing modules for advanced objectives. 
2.2.1.3 Ease of construction, maintenance and repair 
Almost all parts are hand-assembled. The design is simple, and the task and function 
of each module are clear. Maintenance and repair are easy. 100 sets of each apparatus 
for optical experiments (e.g. Diffraction of light, Refraction of light, Polarization of 
light) were constructed without trouble in two months. They are used for high schools 
now by High School-University liaison division of Chiba University. Mending broken 
parts would be very useful exercises for the students themselves, as it enhances their 
understandings of mechanisms and their practical skill. 
2.2.1.4 Utilization of IC and PC technologies  
With the help of our custom software programs and high resolution ADC/DAC 
analog-digital converters or special function integrated circuits (e.g. DDS, CPU), a 
laptop computer can be converted to an oscilloscope, a signal generator, a 
high-resolution digital voltmeter or an ammeter. Thus, the conventional experiment 
apparatus that requires a signal generator and an oscilloscope can be converted to an 
automated and more precise one by usage of such devices with a laptop computer. 
2.2.1.5 Ease of extension to research use  
In many occasions during the progress of research, extension to the specifications 
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of the equipment becomes necessary. Examples could include the ability to control the 
temperature, to refrigerate, to apply pressure, to evacuate, etc. It is therefore very useful 
for saving resources, cost and time to design the basic module to be easy to combine 
other modules.  
2.2.2 Performance of PDL 
The performance of PDL has been tested at Chiba University, Japan and Royal 
University of Phnom Penh (RUPP), Cambodia. The number of themes in use exceeds 
ten which cover the field of mechanics, electromagnetism and optics [2]. In Chiba 
University, physics education with PDL is currently conducted individually to 80(max.) 
students in a classroom at the same time, and to more than 900 students per year. 
Experiment class using PDL in Cambodia started on October 2008 with 120 students of 
physics department, RUPP. They were divided into three classes, and conducted four 
experimental themes in pairs. In 2009 four more themes were introduced. The 
advantages confirmed from the practices at two universities are as follows: (1) the use 
of PDL arouses learner’s interest, promotes their deep understanding extensively, and 
inspires to learn further; and (2) costs for introduction and running of PDL system are 
fairly small compared to the traditional one. Furthermore, the instruction for distant 
learners having PDL on each hand was conducted successfully through internet. 
The extensions of the apparatus for thermal analysis are described below; and it will 
be demonstrated that the unparalleled experiment is performed using them. 
2.2.3 Convenient single scanning calorimeter (SC1) 
Calorimetric experiment is very essential for higher science education. A suitable 
apparatus for educational uses is a convenient single scanning calorimeter, which is one 
apparatus of a series of experimental system (PDL) that was developed [1-3]. The 
apparatus setup for calorimetric experiment is shown in Figure 2.1. It consists of three 
parts: SC1, PC for control and electric circuit. SC1 is different from ordinary scanning 
calorimeters (e.g. Differential Scanning Calorimeter, DSC [4]), because it has no 
referent part. This SC1 can be used to determine excess heat energy that is considered as 
one of the important parameters in thermal analysis.  
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Figure 2.1 Apparatus setup for calorimetric experiment using SC1. 
SC1 was constructed as shown in Figure 2.2 (b). The construction of this thermal 
cell is very simple as it has only two cells. There is a resister, a Pt resistance 
thermometer and a semiconducting thermoelectric module which are used as a heater, a 
temperature sensor (TS) and a heat flow sensor (TM), respectively. 
The warming and cooling rate is mainly controlled by the current of the heater (4 Ω). 
The temperature of a sample is measured using a Pt resistance thermometer (Honeywell, 
PTF-7, EL-700-U), TS. The thermoelectric module (Citizen Holdings Co., Ltd. No. 
03018), TM, is used as the heat flow sensor, and its output voltage is measured. This 
scanning calorimeter (SC1) can be used to measure in temperature range from room 
temperature to about 420 K. 
 
Electric Circuit 
SC1 
Control Panel 
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Figure 2.2 (a) Photograph of SC1 and (b) Schematic drawing of SC1. TS and TM are Pt 
resistance thermometer and semiconducting thermoelectric module, respectively.  
2.2.4 Low temperature single scanning calorimeter (SC2) 
In some cases, the temperature range must be expanded to below ambient 
temperature. One easy way is to place the SC1 in a refrigerated box; by using this 
procedure, the lower temperature limit could be expanded to 220 K. To expand the limit 
to even lower temperature, liquid nitrogen or helium can be used as the cooling material 
in the laboratory. However, it would then be necessary to supply the coolant 
continuously, and it is difficult for such a system to satisfy the PDL concept. A compact 
cooler (Twinbaid Co.; free piston Stirling cooler, SC-UD80) solves this problem, 
because it can cool the material attached at the cold head to 130 K. A calorimeter 
operating at lower temperature, named SC2, was thus developed and it was composed 
of SC1 and the refrigerator. Figure 2.3 shows the schematic of SC2.  
A copper heat shield is attached on the cold head of the refrigerator, which makes a 
cold chamber. In the chamber, SC1 contained in a heat insulator is placed. The 
temperature in SC2 is controlled at two points (TS1 and TS2). The temperature at TS1 
(a)                                  (b) 
   
 
 
10mm 
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is controlled using heater 1 as described in previous section (section 2.2.3). The 
temperature at TS2 is controlled using heater 2 attached at the lower part of the heat 
shield and refrigerator, the cooling power of the latter can also be controlled. TS2 is 
always kept below TS1, and can be cooled down to 130 K. The structure of SC2 is 
simple and the total heat amount of the calorimeter is small; thus, SC2 is acceptable for 
rapid changes in scanning rate or direction because of its short response time. 
 
Figure 2.3 Schematic of Low temperature type calorimeter (SC2). The apparatus is 
surrounding by the outer heat insulator (unshown).   
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Figure 2.4 Photograph of Low temperature type calorimeter (SC2). 
 
 
SC2 
Refrigerator 
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2.2.5 Super sensitive single scanning calorimeter (SC3) 
To measure a small amount of heat flow, thermal disturbance from outside should be 
shielded. The best way to achieve this purpose is to add low pass filters in the thermal 
circuit. Analogous to electric circuits, a thermal low pass circuit is made by the 
connection in series of a thermal resistance and a heat bath made of high 
heat-conductive materials. Multiple connections of the low pass filters in series enhance 
the stabilizing effect; this multiplexing is achieved by constructing a nesting structure. 
Figure 2.5 shows the sensitive thermal analyzer SC3, which consists of five thermal low 
pass circuits. The photograph of SC3 is shown in Figure 2.6 (a) and (b).  
The central part including sample space, TM1 and TS1 is same as SC1 and SC2. 
Four aluminum thermal shields enclose the central part. The temperature in SC3 is 
controlled at two points (TS2 and TS3). The temperature at TS2 is controlled using a 
Peltier module, TM2 (FerroTech Co. Ltd., 9501/127/030B). The temperature at TS3 is 
controlled to minimize the pumping heat of TM2 by using a heater (Resistor, 4 Ω) 
attached at the cold head of the refrigerator. Cooling power of the refrigerator is 
controlled for the heating power of heater to be a small amount (0.16 W). The 
calorimeter is enclosed by a Dewar vessel (unshown). 
Comparing to SC2, SC3 is much more stable and can be used to detect smaller 
signal. However, SC3 needs more time to follow the temperature to be controlled-it 
takes at least three hours to stabilize the SC3 at a discrete temperature. In addition, SC3 
gives good advantages in the measurement at very slow temperature scanning rates (0-5 
mK/s) due to its excellent temperature stability, down to micro Kelvin, and very good 
sensitivity, down to nW level. Using this calorimeter, the respond time of sample of 1 
sec (seven times faster than Microcal VP-DSC) can be achieved. SC3 works in 
temperature range from 130 to 350 K. The details of the comparisons between SC3 and 
Microcal VP-DSC are shown in Table 2.1. 
SC3 was used in the study of supercooled liquid glycerol (described in Chapter 3) 
and of supercooled water confined to exterior and interior of mesoporous MCM-41 [5]. 
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Figure 2.5 Schematic of super sensitive single calorimeter (SC3). 
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(a) 
 
(b) 
Figure 2.6 (a), (b) Photograph of SC3. 
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Table 2.1 Comparison of SC3 and Microcal VP-DSC.  
 SC3 VP-DSC 
Baseline stability 7 nWpp ±150 nW 
Detection limit 7 nW 1500 nW 
Temperature resolution 0.1 mK 100 mK 
Temperature scanning rate  Min: 0 mK/s 
Max: 5 mK/s 
Min: 15 mK/s 
Max:1.5 K/s 
Temperature stability of sample 0.7 μK 1 mK 
Response time 1 s 7 s 
Sample volume 30 μl 500 μl 
Detection method of heat Heat flux Heat compensation 
2.3 Heat flow sensor and its calibration 
2.3.1 Characterization of heat flow sensor (Thermo module, TM) [6] 
Thermoelectric modules (TMs) made of a number of Peltier elements connected in 
series between two substrates (A, B) are used in many devices, such as refrigerators, 
temperature controllers and heat flow sensors. To use TM as the heat flow sensor, the 
specifications are very important. A method to determine AC resistance and 
Figure-of-Merit Z of TM was suggested by T.C. Harman [7] in 1958. Although this 
method has been applied commercially [8], it cannot determine Peltier coefficient Π, 
Seebeck coefficient η and thermal resistance ZT separately. Here a new measuring 
method is described that provides the above coefficients under typical operating 
conditions. 
2.3.1.1 Determination of Peltier coefficients  
As shown in Figure 2.7, the bottom substrate A is attached to a heat sink (b) so that 
the temperature TA can be kept constant. 
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An AC current IA is applied through the module resulting in the Joule heating of TM 
(a). Since substrate A is kept at a constant temperature TA, the temperature of the top 
substrate B, TB, would increase. Then, a DC current ID is applied through the TM such 
that the Peltier heat JP flows from the top substrate B to the bottom substrate A; 
𝐽P = n𝛱𝐼D,                                                                     (2.1) 
where n is the number of Peltier elements connected in the TM. ID is adjusted to a 
specific value ID0 such that TB becomes equal to TA at the steady state. [Recall that TA 
remains constant being attached to the heat sink (b).] Under this steady state condition, 
the total amount of Joule heat is drained through the heat sink.  However, one half of 
the total heat is removed to the top substrate conductively by the thermal gradient (i.e., 
Newton heat flows), and is then carried to the bottom substrate by the Peltier current. 
The remaining half is removed conductively to the bottom substrate directly by the 
thermal gradient. The total heat supplied to the TM, JJ, is written as, 
𝐽J = 𝑅𝐼A2 + 𝑅𝐼D02 ,                                                           (2.2) 
where R is the electric resistance of the TM. The removal of the Joule heat from the top 
substrate by Peltier effect occurs only at the junction with substrate B, and the entire 
thermoelectric element is heated evenly throughout. It follows then that the temperature 
gradient with the element is symmetric with both ends at the temperature TA = TB. Thus, 
𝐽P = 𝐽P/2.                                                                       (2.3) 
Equation (2.3) is rewritten using Eqs. (2.1) and (2.2) as, n𝛱𝐼D0 = 𝑅(𝐼A2 + 𝐼D02 )/2.                                                (2.4) 
Thus, Peltier coefficient is given by the measurements of R, IA and ID0 as follows: 
𝛱 = 𝑅(𝐼A2 + 𝐼D02 ) (2n𝐼D0)⁄ .                                           (2.5) 
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Figure 2.7 Block diagram of evaluation system for Thermoelectric Module. a: 
Thermoelectric module (TM), b: heat sink, c: AC source, d: DC source, e: resistor, f: 
voltmeter, and g: voltmeter. 
2.3.1.2 Determination of thermal resistance 
For the determination of the thermal resistance ZT of the TM, another experiment 
similar to those described in previous papers [9-11] is performed. Briefly, the thermal 
resistance ZT is defined as, 
𝑍T = ∆𝑇/𝐽N,                                                                  (2.6) 
where ∆T is the temperature difference between two substrates, and JN is the Newton 
heat flow. The value of ∆T is determined using the Seebeck coefficient η, as, 
∆𝑇 = 𝑉Z/(n𝜂),                                                               (2.7) 
where VZ is the thermoelectric voltage.  
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Here, if a DC current ID is applied through TM continuously, ∆T increases and 
reaches a steady value ∆TS after a long time. This situation is the same as that in Ref.9, 
and the transient process is described in Ref.11. At the steady state, the Peltier heat 
transferring from the colder substrate to the hotter one and the Newton heat flowing 
from the hotter substrate to the colder one balance out; JNS = JP. Therefore ∆TS can be 
written as, 
∆𝑇S = 𝑍T𝐽NS = 𝑍T𝐽P.                                                       (2.8) 
The steady state temperature difference is given by Eq. (2.7) as, 
∆𝑇S = 𝑉ZS/(n𝜂),                                                               (2.9) 
where VZS is the thermoelectric voltage at the steady state. Since the Seebeck coefficient 
η is given from the Thomson’s second relation using the absolute temperature T as, 
𝜂 = 𝛱/𝑇,                                                                   (2.10) 
Thermal resistance is calculated using Eqs. (2.6), (2.9), and (2.10) as, 
𝑍T = 𝑇𝑉ZSn2𝛱2𝐼D .                                                            (2.11) 
In the application of TM as the heat flow sensor [9-11], the coefficient K defined as, 
𝐾 = 𝐽N/𝑉Z,                                                                 (2.12) 
is necessary, which is given by using Eqs. (2.6), (2.7), and (2.10) as, 
𝐾 = 𝑇/n𝛱𝑍T.                                                            (2.13) 
2.3.1.3 Method validation 
A block diagram is shown in Figure 2.7. A TM (Ferrotec Co. 9502/031/012M, 
number of couple: n = 31), made of Bismuth Telluride is used as the test sample. The 
bottom substrate of the TM, A, is attached to a heat sink. The TM and the heat sink are 
placed in a thermostated chamber (not shown) [12]. Variable AC and DC voltages are 
supplied by a single signal generator (Agilent 33120A), depicted by c and d in the 
figure. The AC and DC voltages across a resistor e (resistance: RS = 99.85 Ω), i.e., VRA 
and VRD, respectively are measured by a voltmeter g (Agilent 3458A). Thus the AC and 
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DC currents are given as IA = VRA/RS and ID = VRD/RS, respectively. The AC and DC 
voltages across the terminals of TM, VTA and VTD, are measured by the other voltmeter f 
(Keithley K2000). The electric resistance of the TM, R, is given by  
R = VTA/IA = 2.723 Ω 
The validation of the method was conducted at ambient temperature T = 308.2 K 
stabilized within 1 mK. An AC current of 41.65 mA (= IA) at a frequency of 1 kHz 
generates 4.72 mW of Joule heat in the TM. The value of VZS (= VTD - ID･R at the 
steady state), i.e., the temperature difference at the steady state, becomes 0 when ID = 
0.614 mA (= ID0) as shown in Figure 2.8. 
 
Figure 2.8 Thermoelectric voltage at steady state VZS versus Peltier current ID. 
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Therefore, Π = 0.124 W/A and η = 0.403 mV/K according to Eqs. (2.5) and (2.10), 
respectively.  
Next, IA = 0 and ID = 0.614 mA are set; then, the value of VZS becomes 1.190 mV. 
Hence, ZT = 40.3 K/W and K = 1.984 W/V according to Eqs. (2.11) and (2.13). The 
value of K obtained here is in good agreement with 2.1 W/V which was determined by 
another method using the standard material [13]. 
The temperature difference used in the measurement is below 0.1 K for both 
experiments; the small differential provides us a reliable result with high precision.  
2.3.2 Calibration of heat flow sensor 
The coefficient K which is used to convert output voltage to wattage of heat flow 
can be determined by the procedure mentioned above. However, if only K needs to be 
determined and experimental conditions permits, a more convenient method exists that 
uses Joule heating. Instead of the sample holder, a resistor is attached to the heat flow 
sensor (TM1) to measure the difference in output voltage of TM1 with a certain amount 
of Joule heating. Figure 2.9 shows a typical trace of the output voltage at a temperature 
when the heating is switched on and off periodically. 
The conversion coefficient K is given as, 
𝐾 = 9.666 × 10−6/∆𝑉   [W/V]                                                    
where ∆V is the difference of the output voltage at switch on and off. 
The temperature difference ∆TS between the top and bottom substrates at the heat flow 
sensor in this situation is calculated as, 
∆𝑇S = 𝑉ZSn𝜂 = 1.5 × 10−618 × 4 × 10−4 = 0.21 mK                                    
Thus ∆TS at the minimum detectable voltage (3 nV) will be 0.3 µK. The response 
time of the heat flow sensor can be estimated from the trace to be less than 2 s, 
subtracting the response time of the resistor. 
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Figure 2.9 Typical output voltage from heat flow sensor. The heat generation of 
9.666 µW is switched on and off every 50 sec. The horizontal axis is the count of 
measurements taken every 2 sec.  
Temperature dependence of the conversion coefficient K is shown in Figure 2.10. 
The dependence could be well expressed with a third order polynomial as, 
𝐾 = 26.331 − 1.894 × 10−1𝑇 + 5.2481 × 10−4𝑇2 − 4.9513 × 10−7𝑇3. 
The noise voltage of the heat flow sensor measured by a digital voltmeter (Keithley, 
K2000) through a preamplifier (EM electronics, A20) is about 3 nVpp; therefore, the 
noise level on heat flow is 10 to 20 nWpp (Root mean square RMS: 3 to 7 nW) 
depending on the temperature. 
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Figure 2.10 Temperature dependence of coefficient K. Solid line is regression to third 
order polynomial. 
2.4 Conclusion 
The convenient thermal analyzer SC1 to SC2 and SC3 were developed while 
maintaining the PDL concept: low cost, small size, attractiveness, reliability. They have 
the advantages of: 1) miniaturization, 2) modularization. 3) ease of construction, 
maintenance and repair, 4) utilization of IC and PC technologies, and 5) ease of 
extension to research use. They are applicable not only for higher physics education but 
also for research. SC1 works from room temperature to 420 K, SC2 and SC3 from 130 
to 350 K. SC3 possesses very good temperature stability, down to micro Kelvin, and 
very good sensitivity, down to nW level. Novel determination methods were also 
developed to determine Peltier coefficient, Seebeck coefficient and thermal resistance of 
thermoelectric module which is used as heat flow sensor in the calorimeters. Finally, the 
thermoelectric module was calibrated as heat flow sensor. 
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Chapter 3 
Calorimetric study of 
supercooled liquid glycerol 
3.1 Introduction 
Glycerol (C3H8O3) has been widely used as a model system of liquid and glass 
transition in both experimental [1-17] and simulation [18,19] studies. Usually, glycerol 
exists only in a liquid, supercooled liquid or glassy state. Under normal conditions 
glycerol does not crystallize when cooled below its melting point; instead it remains 
liquid to become a supercooled liquid, which can be vitrified at the glass transition 
temperature Tg. Glass transition of glycerol was first described quantitatively in the 
measurement of its specific heat in 1922 by Gibson and Giauque [1], after which it has 
been investigated extensively [6,8-10,14-16]; however, its behavior is still unclear.  
Crystallization of glycerol occurs under some conditions [1-3,5,7,12,13]. 
Photographs of crystal glycerol were first presented by Mobirus et al. (2010). The 
coexistence of multiple conformations in crystal glycerol was indicated in a X-ray 
scattering experiment [5]. However, precise description of the crystallization process 
has not been presented to date. The information in a thermogram would be very suitable 
for revealing the crystallization process.  
The study of crystallization is ordinarily performed under isothermal conditions 
because thermodynamic properties are constant at a given temperature. However, to 
observe the entire crystallization process, non-isothermal measurement is preferred 
because the starting point for the thermal history of an isothermal crystallization process 
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is ambiguous. Non-isothermal thermograms at a wide range of scanning rates would 
provide fruitful information for analyzing the crystallization processes. In particular, to 
examine the beginning of crystallization carefully, measurement at very slow scanning 
rate is important. However, this measurement is generally difficult because the heat flow 
signal at a slow scanning rate is small; therefore, we need to use a very sensitive thermal 
analyzer that was developed in our laboratory. 
In the present study, we obtained thermograms at a wide range of slow scanning 
rates, to obtain experimental evidence of what occurs in supercooled liquid and crystal 
glycerol.  
3.2 Experimental Method 
3.2.1 Sample 
In this study glycerol, reagent grade (Wako Pure Chemical Industries Ltd.), was 
used without further purification. Water concentration in the glycerol sample was 
determined to be 0.1 % by the Karl Fischer method. The sample, an amount of 10.7 mg, 
was sealed in an aluminum pan. 
3.2.2 Measurement 
The SC3 calorimeter was generally used in this study. An exception was the 
measurements for reversible crystallization that were carried out using SC2, with the 
scanning rate of 1 mK/s. The response time of SC2 is smaller than that of SC3.  
The sample was cooled from 293 K (above the melting point of glycerol) to 163 K 
(below the glass transition temperature) and warmed immediately back to 293 K with 
the identical scanning rate |q| (=|dT/dt|). The scanning rates were set at 4, 2, 1, 0.5, 0.2, 
0.1 and 0.05 mK/s. 
3.3 Results and Discussion 
3.3.1 Overall Thermograms 
The sample was cooled from the temperature above its melting point to below its 
glass transition temperature, and then warmed to above its melting point with the same 
scanning rate q. A typical cyclic trace at the scanning rate of 0.5 mK/s is shown in 
Figure 3.1. The vertical axis is the output voltage from the heat flow sensor. On cooling, 
there occurred two thermal anomalies: one was attributed to the glass transition (a), 
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another was a very small exothermal peak observed at around 214 K as shown in the 
inset. On warming, three peaks were observed, they were attributed to the glass 
transition (b), the crystallization (c), and the melting (d), respectively. Crystallization of 
glycerol occurred only on the warming process after the glass transition. As shown in 
Figure 3.1 the crystal then completely melted at Tm = 289.7 ± 0.2 K, that is defined as 
the temperature at which the endothermic peak drops sharply. We repeated this thermal 
cycle and found that the thermograms were reproducible. The good reproducibility of 
the thermal behaviors on repeated thermal cycles at the identical value of q was 
observed indicating that almost all residues in the crystal are completely cleared in the 
melt. 
 
Figure 3.1 Thermograms of glycerol at the identical cooling and warming rate of 0.5 mK/s. 
The vertical axis is the output voltage from heat flow sensor. This figure indicates from 
lower temperature the glass transition peak on cooling (a), the enthalpy relaxation peak at 
glass transition on warming (b), the crystallization peak (c) and the melting peak (d). The 
inset shows a magnified view of the thermogram on cooling between 200 and 220 K. 
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Figure 3.2 Thermograms of glycerol on warming after cooling from 293 K to below glass 
transition at the identical rate q as indicated. The vertical axis is the heat flow per degree, d𝑄/d𝑇(= (d𝑄/d𝑡)/𝑞).The traces are shifted upward for clarify. This figure shows the 
enthalpy relaxation peak at glass transition (a), the crystallization peak (b), the solid-solid 
transition peak around 229.1 K (c) and the melting peak (d). The peaks of glass transition 
and crystallization shift to lower temperature as the scanning rate decreases. The shape and 
position of solid-solid transition peak and the melting peak are independent of the scanning 
rate. Tp is defined as the temperature at the bottom of crystallization exothermic peak, and 
Tm is that at the completion of melting. 
The effect of scanning rate on the thermal behavior of glycerol was investigated. 
Figure 3.2 shows the thermograms on the warming scan only at various scanning rate 
q after cooling from 293 K to below the glass transition temperature at the same values 
of q. In the figure, the traces at the warming rates of 4, 2, 1, 0.5, 0.2 0.1 and 0.05 mK/s 
were shifted for clarity in the order from the bottom to the top respectively. The vertical 
axis is the heat flow per degree which is given by dividing the heat flux (d𝑄/d𝑡) by 
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the scanning rate (𝑞 = d𝑇/d𝑡). It can be written as, (d𝑄/d𝑡) (d𝑇/d𝑡⁄ ) = d𝑄/d𝑇                                             (3.1)  
For the scanning rate of 4, 2, 1 or 0.5 mK/s, three anomalous peaks were evident on 
the traces. They are correspondingly attributed to the glass transition from glass to 
supercooled liquid, the crystallization and the melting in the order of temperature 
increase. On the other hand, at the slower scanning rates of 0.2, 0.1 and 0.05 mK/s, an 
extra endothermic peak appeared at around 229.1 K between the crystallization and the 
melting peaks. This can be attributed to a solid-solid transition. In addition, the 
temperature and the shape of the endothermic melting peak and those of the 
endothermic solid-solid transition peak were both independent of the scanning rate. 
However, the enthalpy relaxation peak associated with the glass transition and the 
exothermic crystallization peak shifted to lower temperatures with decreasing scanning 
rates.  
The thermal history and the change of states shown in Figure 3.2 can be described 
schematically in a phase diagram as shown in Figure 3.3. 
 
Figure 3.3 Entropy-temperature phase diagram of glycerol. 
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3.3.2 Melting and Recrystallization 
3.3.2.1 Overall melting  
As shown in Figure 3.2, the melting peak showed a pre-melting rise in heat capacity 
more than 10 K below the melting point. The endothermic melting peaks appeared at 
the same temperature and with the same shape independent of the scanning rates. In one 
of preliminary experiments, the warming scan was stopped during the melting process 
before its completion, and the temperature was kept constant. On which there was no 
thermal activity supporting that the observed high pre-melting heat capacity is at least in 
a steady state. Such heat capacity rises some tens degree below the melting have been 
observed in the earlier study of glycerol [1], in which it was attributed to impurity. 
However, their estimate of impurity content gave two values, 0.33 mol% and 7 mol%. 
There seem to be some ambiguity. A similar pre-melting heat capacity increase as much 
as 30 K was observed in the melting of Kr at 117 K [20]. In the latter study this much of 
broad melting could not be attributed to impurity. The melting behavior of stearic acid 
shows a similar pre-melting heat capacity rise more than 10 K below the melting point, 
and the existence of a new solid phase was suggested [21]. The same phenomenon of 
broad melting was also observed in ionic liquids [22], which was attributed to the 
coexistence of a number of sub-phases consisting of different asymmetric conformers. 
The coexistence of many conformations in glycerol has been revealed by X-ray 
experiment [5] in crystals and by simulation [18,19] in liquid. The theory supporting 
broad heat capacity anomalies associated with phase transitions was advanced earlier 
even within a mean-field approximation using two level models [23,24]. 
Regarding the value of Tm, the melting was completed at 289.7 K for present 
temperature protocol; however, we point out that if we modified our present thermal 
protocol slightly, the following melting points were found higher at 291.9 K. These 
phenomena will be discussed extensively in subsection 3.3.2.3. 
The transition enthalpy of melting is determined to be ∆H = 14.7 ± 0.2 kJ/mol, 
assuming a straight base line in the thermogram. The value of ∆H was identical within 
0.2 kJ/mol for scanning rates from 0.05 to 4 mK/s. This value of ∆H is smaller than that 
reported previously [1]. The earlier study determined the enthalpy of melting using an 
adiabatic calorimeter as the total heat required for complete melting, and there is a 
possibility that it included the heat required to raise the temperature of the sample 
during the pre-melting region, a mixture of liquid and solid.  
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3.3.2.2 Recrystallization from the intermitted melt  
In order to investigate the broad temperature range of melting in detail, experiments 
with different temperature cycling protocols were performed using the SC2 calorimeter 
at the scanning rate of 1 mK/s. At first, the sample was cooled to below its glass 
transition temperature and warmed to a preset temperature, then cooled down to 233 K 
(which is about 60 K below its melting point and low enough for the completion of 
recrystallization), after which measurements were conducted at the temperature range 
between 233 K and the preset temperature maximum. The thermograms obtained from 
the second cycle in these experiments are shown in Figure 3.4.  
 
Figure 3.4 Thermograms of glycerol around the melting point at the scanning rate of 1 
mK/s. The vertical axis is the heat flow in arbitrary voltage unit. Traces from different 
temperature cycling protocols are shown: complete melting (a), reversible recrystallization 
with preset maximum temperature of 288.2 K (b), irreversible recrystallization with preset 
maximum temperature of 291.3 K (c) and 291.8 K (d). Also shown are the cooling trace of 
a previously melted sample (e) and the warming trace of supercooled liquid glycerol (f).  
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For cycling protocols with temperature maximum below 288 K, the traces on 
warming were almost identical to that of complete melting. For cycling protocols with 
increasing temperature maximum in excess of 288 K, the traces became broader and 
shifted toward higher temperatures and were thus different from the complete melting. 
On cooling, the thermograms of the recrystallization process could also be classified 
into two patterns depending on the temperature maximum as shown in Figure 3.4. The 
reason for the two patterns could be attributed to the residual crystal structure. These 
two patterns are described in subsequent subsections, and then used to infer two stages 
in the melting process. 
a. Reversible recrystallization (Pattern 1) 
Figure 3.5 shows the thermograms of repetitive cycles of melting followed by 
recrystallization at the scanning rate of 1 mK/s. The minimum temperature of the 
cycling protocol was constant (233 K), and the maximum temperature was varied 
between 281.2 and 288.2 K. Up to the maximum temperature in the cycling protocol, all 
endothermic curves on melting are almost identical to that of complete melting. The 
exothermic curves on cooling agree with the endothermic curves on warming for 
respective maximum temperatures. This fact suggests that melting and recrystallization 
under these conditions progress reversibly, and the partial molten state is in equilibrium. 
Here, it appears that the molten part grows by warming and it crystallizes immediately 
when cooling. 
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Figure 3.5 Thermograms of melting process in stage 1 and recrystallization at the scanning 
rate of 1 mK/s. The vertical axis is the heat flow in arbitrary voltage unit. The seven traces 
correspond to cycling protocols with maximum temperature of 281.2, 283.2, 284.2, 285.2, 
286.2, 287.2 and 288.2 K. The thermogram of complete melting is shown for comparison. 
b. Irreversible recrystallization (Pattern 2) 
Figure 3.6 shows the thermograms of melting process in stage 2 and 
recrystallization when temperature is cycled to a maximum of 291.3, 291.4, 291.5 and 
291.6 K. The figure shows that the endothermic curves on warming are shorter and 
broader compared with that of complete melting. On cooling, the exothermic curves are 
also different from those seen in Pattern 1 (Figure 3.5). Hence, the recrystallization 
occurring in these temperature cycling protocols is thought to be an irreversible process. 
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Figure 3.6 Thermograms of melting process in stage 2 and recrystallization at the scanning 
rate of 1 mK/s. The vertical axis is the heat flow in arbitrary voltage unit. The four traces 
correspond to cycling protocols with maximum temperature of 291.3, 291.4, 291.5 and 
291.6 K. The thermogram of complete melting and that of supercooled liquid on the cooling 
and on the warming process (straight lines) are shown for comparison. 
For 4 cycling protocols with temperature maximum between 291.3 and 291.6 K, 
both the endothermic curves on warming and exothermic curves on cooling were almost 
identical. The peak temperatures of these exothermic curves are also identical (around 
279 K). When the specimen is warmed up to 291.8 K, the peak of exothermic curve by 
recrystallization is delayed to around 274 K (Figure 3.4(d)); it appears that the crystal 
domains shrink too small to grow obviously by cooling. The completion temperature of 
the recrystallization is almost same (around 270 K) independent of the turning 
temperature, which agrees with the temperature at which the growing speeds of crystal 
becomes maximum [2].  
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Concerning the melting point of glycerol, the melting curves for cyclic 
recrystallization after intermitted melt deviate from the curve for complete melting. The 
melting point shifts to a higher temperature with this temperature cycling protocol.  
c. Discussion 
The recrystallization in Pattern 1 is reversible, whereas that in Pattern 2 is 
irreversible. The two observed patterns infer two different stages in the melting process 
(Stage 1 and Stage 2). Here, we consider how the crystal melts into liquid in these two 
categories. For the melting process in Stage 1, there could exist two possible melting 
schemes: 
2) the molten part is generated at some position in the crystal and this part 
increases by moving its boundary;  
3) small molten parts are generated locally and independently due to mixtures of 
different molecular conformations, which shows that the crystal remains 
heterogeneous.  
In the case where the melting process is in the former scheme, it will continue to 
eliminate the crystalline part and the recrystallization would always be reversible. 
However, it is found that the recrystallization pattern is irreversible in Pattern 2 so we 
could consider that at stage 1 the melting process is in the latter scheme. 
In stage 1 when the temperature increases continuously, droplets increase to form a 
percolation network in the crystal that can regenerate the crystal back to the original 
conformation, resulting in Pattern 1. Subsequently, the network of droplets grows as 
temperature increases until connection of crystal areas breaks off. When temperature 
surpasses this critical point at around 288 K it change to another stage (Stage 2), at 
which the glycerol sample does not crystallize reversibly when cooled down; resulting 
in Pattern 2. In stage 2 of the melting process, the crystal cannot maintain position or 
direction in three-dimensional space because its residuals are mere domains floating in 
liquid. When the specimen is cooled crystal domains grow with a speed proportional to 
the total surface area of domains.  
When the specimen is warmed further to 291.9 K, or more, the crystal melts 
thoroughly; the thermogram on cooling shows no anomaly. This evidence suggests that 
there exist no nucleus of crystal to be grown up. The characteristics of each stage are 
summarized in Table 3.1.  
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Table 3.1 Characteristics of the two stages on melting. 
 Stage 1 Stage 2 Liquid phase 
Temperature [K] 250 ~ 288.2 288.4 ~ 291.8 291.9 ~ 
Fraction melted: 𝐿(𝑇) 0 ~ 0.67 0.935 ~ 0.999 1 
Percolated crystal domain ○ × × 
Percolated liquid domain ×~○ ○ ○ 
Reversibility ○ × ○ 
The symbol ○ means “present” and × “absent”.  
The fraction melted, 𝐿(𝑇), was determined as the follow. 
𝐿(𝑇) = ∫ (d𝑄 d𝑇⁄ )d𝑇𝑇r𝑇0
∫ (d𝑄 d𝑇⁄ )d𝑇𝑇m𝑇0                                                  (3.2) 
where T0, Tm and Tr are the onset, melting and cycle maximum temperatures, 
respectively. 
3.3.2.3 Dependence of melting behaviors on thermal history 
The melting behavior of crystal glycerol changes depending on thermal history. 
Figure 3.7 shows five thermograms on warming at the melting region. The thermal 
history of each thermogram is listed in Table 3.2. The traces indicate that the melting 
temperature of glycerol varies from 289.7 to 291.9 K depending on thermal history. The 
re-crystallized crystal in this series came from cycling protocols having temperature 
maxima ranging from 287.2-289.6 K, and higher cycling temperature maxima 
corresponded to higher melting temperatures. This evidence indicates that the crystal 
made through a different thermal history is different, and suggests that the crystal has 
heterogeneity in its structure. 
42 
 
Figure 3.7 Thermograms of the melting of glycerol crystals at the scanning rates of 1mK/s. 
The five traces labeled (a) to (e) are for crystals with the different thermal histories 
described in Table 3.2.  
Table 3.2 Temperature protocols for thermograms (a) to (e) shown in Figure 3.7. 
Trace T1 
[K] 
 T2 
[K] 
 T3 
[K] 
 T4 
[K] 
 T5 
[K] 
Tm 
[K] 
(a) 293 ➘ 163 ➚(a) 293     289.9 
(b) 293 ➘ 163 ➚ 287.2 ➘ 163 ➚(b) 293 290.4 
(c) 293 ➘ 163 ➚ 288.2 ➘ 163 ➚(c) 293 290.9 
(d) 293 ➘ 163 ➚ 289.2 ➘ 163 ➚(d) 293 291.0 
(e) 293 ➘ 163 ➚ 289.6 ➘ 163 ➚(e) 293 291.7 
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3.3.3 Glass Transition 
3.3.3.1 Glass transition on warming 
The glycerol sample was cooled to the glass state and then warmed at the same 
scanning rate. Enthalpy relaxation peaks obtained on the warming process at various 
scanning rates are shown in Figure 3.8. When glycerol at the glass state was warmed, it 
changed to a supercooled liquid at the glass transition temperature. The exact 
determination of its value has been controversial. Here, we define the maximum 
temperature of the enthalpy relaxation peak as the glass transition temperature Tg’ as 
shown in the inset of Figure 3.9. The temperature Tg’ depends on the scanning rate q 
[6,9,10,25,26]. Tg’ shifts toward lower temperatures continuously with decreasing 
scanning rates from 4 to 0.05 mK/s. The values of Tg’ at various scanning rates, 
obtained from the traces in the Figure 3.8, are listed in Table 3.3. 
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Figure 3.8 Thermograms of glycerol at the glass transition region on warming. The traces 
correspond to scanning rates of 4, 2, 1, 0.5, 0.2, 0.1 and 0.05 mK/s. 
Table 3.3 The glass transition temperature Tg’ (the maximum temperature of the 
enthalpy relaxation peak) of glycerol at different scanning rates q. 
q [mK/s] Tg’ [K] ln(q) 1000/ Tg’ [1/Κ] 
4.0 185.50 -5.52146 5.391 
2.0 184.21 -6.21461 5.429 
1.0 183.12 -6.90776 5.461 
0.5 182.00 -7.60090 5.495 
0.2 180.50 -8.51719 5.540 
0.1 179.30 -9.21034 5.577 
0.05 178.25 -9.90349 5.709 
The Arrhenius plot of ln(q) versus 1/ Tg’ is shown in Figure 3.9. It is clear that the 
glass transition follows the Arrhenius behavior. The same behavior was observed for the 
glass transition of As2Se3 between the temperature of the top of the enthalpy relaxation 
peak (equivalent to the present Tg’) and scanning rates [26]. We point out that the 
authors of [26] kept the thermal history equivalent to our present temperature protocol. 
From Figure 3.9, we conclude the data plots lie on the straight line: q ∝ exp(-Eg’/Tg’), 
where Eg’ = 2.005×104 K. This suggests that the glass transition process is governed by 
a characteristic time with an effective activation energy Eg’.  
45 
 
Figure 3.9 Arrhenius plot of ln(q) versus 1000/Tg’. Tg’ is the glass transition temperature 
determined at the maximum of the enthalpy relaxation peak, and Tg-onset is determined at the 
intersecting point of two tangential lines of thermogram as shown in the inset.  
For the glass transition of glycerol, the Vogel-Fulcher-Tammann behavior was 
reported [8,10,27,28]. For the purpose of comparison, we determined the value of 
Tg-onset as shown in the inset of Figure 3.9, and plotted ln(q) against 1/ Tg-onset shown in 
Figure 3.10, together with the equivalent plots in the literature [6,10]. 
In Ref. [10], ln(q) against 1/(Tg-onset-177.4) was shown to be a straight line. Here, 
however, the lowest limit of Tg-onset we covered is 175.2 K, and the same 
Vogel-Fulcher-Tammann equation would become impossible in the range of our 
measurement. Thus, we make direct comparison of ln(q) against 1/Tg-onset instead. As is 
clear, the data from [6] and additional data [10] are not consistent with ours. For the 
present work, the temperature range covered is much lower than those of [6] and [10], 
due to the fact that we could have much slower scanning rates. Even so, there is about 4 
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K difference in Tg-onset at about the same scanning rate, 4 mK/s (the present work) and 
their rate, 8.3 mK/s [10]. This difference cannot be explained unequivocally. We suggest, 
however, that their thermal history could not be strictly the same as ours, since the 
whole cooling procedure was not described. 
Honocova et al. [26] emphasized the importance of thermal history and that the 
cooling rate must be constant from the melt for reproducible results. In our preliminary 
work, melt was cooled faster to 200 K (above the glass transition temperature), and then 
cooled at the desired scanning rate down to 163 K. On warming at the same scanning 
rate, Tg’ was higher than the case where cooling from melt was at the same rate all the 
way. Thus, we suspect that both previous data from Ref. [6], and [10] may not be 
consistent with our thermal history. 
 
Figure 3.10 Arrhenius plot of ln(q) versus 1000/Tg-onset. (●); this work, (■); the data from 
Ref. [6], (○); [10]. 
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3.3.3.2 Glass transition on cooling  
Many methods to define Tg have been suggested [25,29-32] and the values could be 
some degrees different from each other. The most common is the definition to use the 
enthalpy curve and to determine Tg at the intersection of two extension of straight lines 
from high and low temperature regions. Or instead, the so-called “fictive glass transition 
temperature” [29,30] using a thermogram on heating is also common. For both cases, 
the extrapolation of the straight baseline is necessary. Therefore, the value of Tg has an 
uncertainty of ±1 K due to difficulty in determining the baselines [30]. If Tg is 
determined more precisely, e.g. within ±0.1K, we could make more quantitative 
discussions about the glass transition. We propose here a new definition as detailed 
below. With this definition, we could determine the glass transition temperature within 
the order of ±0.03 K. We believe that the precision in Tg is the first step in advancing 
our understandings towards the nature of glass transition.  
The transformation in question is an intrinsic relaxation phenomenon. Thus, this 
relaxation process has been studied using viscoelastic, dielectric, calorimetric and 
ultrasonic techniques by modulating the appropriate field variable [15]. Their results 
indicate that the stretch parameter of Kohlrausch-Williams-Watts function (KWW) 
[33,34], βKWW, is smaller than 1, which suggests that the relaxation process is strongly 
non-linear. However, the value of βKWW seems to vary depending on the temperature 
range in which the measurements are performed. By the calorimetric measurement 
using temperature modulated differential scanning calorimetry (TMDSC), Birge and 
Nagel [8] determined βKWW =0.65; whereas Christensen [14] βKWW≒0.28. Although 
Christensen made an attempt to clarify this discrepancy, its reason is not quite clear yet 
[35]. They pointed out that the thermal response in TMDSC measurements could 
include the effects from thermal expansion and mechanical stress relaxation process as 
enthalpy relaxes [35]. This could cause some ambiguity in the results. Here we scan 
temperature at a constant slow rate, without thermal modulation, in the range from 4 to 
0.5 mK/s in order to avoid extra effects mentioned above. 
Furthermore, glycerol has been known among other glass forming materials to show 
complicated thermal behavior depending on the preceding thermal history of the sample 
specimen [36]. Conventional calorimetric measurements have been conducted on 
warming from a temperature below the glass transition temperature Tg. However, the 
thermogram is affected by the preceding temperature protocol including the lowest 
temperature experienced by the specimen and the length of aging [25,26]. On the other 
hand, by cooling the specimen from the liquid phase, the thermal behavior was found 
48 
dependent only on the cooling rate |q| (=|dT/dt|, where T is temperature and t is time) 
[31,32]. It seems essential for the specimen to be in the liquid state before each thermal 
scan starts for reproducible results. Therefore, for precise investigation of the glass 
transition itself, the measurement on cooling the liquid specimen is better than that on 
warming from the glass. 
Here we apply the calorimetric temperature scanning-rate spectroscopy (TSS) 
without temperature modulation to the glass transition of glycerol by; 1) fixing the 
history of thermal protocol, 2) determining the precise temperature scanning 
thermogram in high precision on cooling only with q ranging from 0.5 to 4 mK/s, 3) 
analyzing the q dependent thermogram using a dynamical scaling technique shown 
below. Finally, we discuss the results comparing with the literature data.  
a. Data analysis and results 
The temperature protocol we used is shown in Figure 3.11. 
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Figure 3.11 The temperature protocol of measurement. Step I is cooling stage from T1 (293 
K, above the melting point Tm) to T2 (143 K, below Tg), during which vitrification occurs at 
(a). Step II is warming stage from T2 to T3 (263 K, below Tm). The transition from glass to 
supercooled liquid occurs at (b) and the crystallization occurs at (c). Step III is re-cooling 
stage of solid. The crystal phase is indicated by thick line. All three temperature scans are 
conducted with an identical absolute scanning rate. 
Thermogram of glycerol at |q| = 0.5 mK/s is shown in Figure 3.12. At the first step 
(Step I), specimen (glycerol) was cooled from T1 (293 K, above the melting point of 
glycerol, Tm) to T2 (143 K, below Tg). In Step II, the sample was warmed immediately 
back to T3 (263 K, below the Tm) during which the glycerol crystallizes. Finally, at Step 
III, the crystal sample was re-cooled without allowing it to melt back down to T2. All 
temperature scans for these steps were conducted with an identical absolute scanning 
rate |q| (=|dT/dt|). The scanning rates were set at 4, 2, 1 and 0.5 mK/s. 
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Figure 3.12 Thermogram of glycerol for the temperature protocol shown in Figure 3.11. 
The scanning rate for this particular run is 0.5 mK/s. The trace I, II and III correspond to the 
steps shown in Figure 3.11. This figure shows the enthalpy relaxation at glass transition on 
cooling (a). On warming, glass transition at (b), and the crystallization peak (c) are observed. 
On cooling in step III, a new solid-solid transition peak (d) is apparent [36]. 
The ordinate of Figure 3.12 is proportional to the heat capacity of the sample as long 
as the sample is in the equilibrium state. At glass transformation, however, the process is 
that of relaxation; from a supercooled liquid to a frozen non-equilibrium state. Hence, 
strictly speaking the ordinate value is not proportional to heat capacity of the sample, 
even though there is no thermal modulation. However, we take it as an effective heat 
capacity here, and name it as C’; i.e. C’ = |(Heat flow per sec)/q| (Jg-1K-1). 
We first define the fraction of glass, Fg(T), during the process of glass 
transformation as, 
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Fg(𝑇) = C’(𝑇) − C’(𝑇H)C’(𝑇L) − C’(𝑇H) ,                                                  (3.3) 
where C’(T) is the effective heat capacity of the supercooled liquid and/or the glass state 
measured at T. TL and TH are the lower and upper end temperatures of glass transition 
region of the thermogram, respectively.  
   What is striking in the thermogram Figure 3.12 is that the value of heat flow of glass 
at about 150 K in step I and that at the same temperature region of the solid (lower 
temperature phase) in step III appears identical within the sensitivity of the present 
apparatus. While the total heat flow includes the contribution from the heat capacity of 
apparatus, the latter may be at the most a few-fold of the sample heat capacity. Thus, we 
conclude that the heat capacity of glycerol for glass is almost the same as that for crystal, 
and we suggest that the number of thermally activated freedoms per molecule in both 
states is almost the same. Gibson and Giauque also reported the same result [1]. This is 
rather surprising and may hint that the solid in question could be one of meta-stable 
polymorphs. 
   The fraction of supercooled liquid, (1- Fg), is shown as a function of temperature in 
Figure 3.13 for different q values around (a) region shown in Figure 3.12. The traces in 
Figure 3.13 look similar and shift toward lower temperatures for the slower cooling rate. 
We now propose to define a new glass transition temperature, TgC, as the temperature at 
the 50% transformation, Fg(TgC) = 0.5. As is clear from the traces in Figure 3.13, TgC 
increases with the value of |q|. The values of TgC are listed in Table 3.4 together with the 
traditional glass transition temperature, TgH. Namely, we integrated our data first and 
obtained the enthalpy curve, and then determined TgH as the intersection of two 
straight-line extensions from high and low temperature regions of the resulting enthalpy 
curve as suggested [29-31]. 
The precision in determining TgC was below ±0.03 K; on the other hand, that for 
TgH reached ±0.3 K. As it is clear from Table 3.4, our TgC is about 1 K higher 
systematically than the traditional TgH. In either way, the glass transition temperature 
depends on q. This is only natural since the process of glass transition is a relaxation 
phenomenon. 
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Figure 3.13 The fraction of supercooled liquid, [1- Fg(T)], as a function of temperature. The 
cooling rates are 4, 2, 1 and 0.5 mK/s in the order from right to left. 
Table 3.4 The values of Tg C with the values of Tg H by conventional method. 
 
Another point to note in Figure 3.13 is that the curves seem all similar to each other. 
This hints that these relations could be scaled to a master curve. The first step to seek 
such a master curve is to find the relationship between |q| and TgC. The Arrhenius plot of 
ln(|q|) versus 1/TgC is shown in Figure 3.14.  
|q| [mK/s] 0.5 1 2 4 
TgC [K] 177.12 177.97 178.95 179.91 
TgH [K] 176.1 177.0 178.1 179.2 
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Figure 3.14 Arrhenius plot of ln(|q|) versus 1000/TgC. TgC is the glass transition defined 
here as the temperature at which Fg(T) = 0.5. 
From Figure 3.14, we conclude that the data plots lie on a straight line: 
|q|∝ exp(-Eg/TgC) with Eg = 2.34×104 K. This suggests that the glass transition process 
is a rate process governed by an internal characteristic time τ expressed as, 
𝜏 = 𝜏0exp�𝐸g 𝑇⁄ �,                                                         (3.4) 
with the same Eg. 
The second step towards a master equation is to seek a suitable non-dimensional 
variable for the abscissa in Figure 3.13. At present, it is T which is directly related to q, 
as q =dT/dt. One choice is to use a non-dimensional time variable in analogy to the 
concept of Deborah number [37]. The rate process at hand is governed by a 
characteristic time, τ, that is also related to T by Eq. (3.4). Hence, we propose here to 
use a differentially normalized time by τ, inverse of Lillie number [38,39] as, 
𝑥 = ∂𝑡
∂𝜏
 .                                                                     (3.5) 
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Equation (3.5) is rewritten as, 
𝑥 = �∂𝑡
∂𝑇
� �
∂𝑇
∂𝜏
� = −� 𝑇2
𝑞𝐸g𝜏0
� exp�−𝐸g 𝑇⁄ � .                            (3.6) 
Here, τ0 [given in Eq. (3.4)] is constant but unknown. Towards separating this unknown 
term τ0 from actually varying quantities T and q, we use ln(x) instead; ln(𝑥) = − ln(|𝑞|) − �𝐸g 𝑇⁄ � + ln(𝑇2) − ln�𝜏0𝐸g� .                       (3.7) 
We then shift ln(x) by -ln(τ0Eg) and use ln(x) + ln(τ0Eg) which is equal to the right of 
Eq. (3.8) below as our choice for the variable of abscissa: ln(𝑥) + ln�𝜏0𝐸g� = ln(𝑇2) − ln(|𝑞|) − �𝐸g 𝑇⁄ �.                            (3.8) 
We thus choose [1-Fg(T)] as the ordinate and [ln(x)+ln(τ0Eg)] as the abscissa. The 
resulting plots are shown in Figure 3.15. 
 
Figure 3.15 Plots of the fraction of supercooled liquid, [1- Fg(T )] against [ln(x) + 
ln(τ0Eg)]= ln(T 2 ) - ln(|q|) - (Eg/T ). Cooling rate is indicated by the arrow in the figure.  
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All traces in Figure 3.15 lie on a master curve (MC) in the range, Fg < 0.7. It 
resembles to the stretched exponential form due to Kohlrausch-Williams-Watts [33,34] 
like, fgKWW(𝑥) = exp(−𝑥𝛽).                                                (3.9) 
Namely, we wish to test if Fg(x) = fgKWW(x). Eq. (3.9) is rewritten as, ln{−ln[fgKWW(𝑥)]} = 𝛽 ln(𝑥).                                       (3.10) 
For testing this hypothesis, we plot ln{-ln[Fg(x)]} against ln(x) or in the present case 
[ln(x) + ln(τ0Eg)] (= [ln(T 2) - ln(|q|) - (Eg/T )]). The results are shown in Figure 3.16. 
 
Figure 3.16 Plots of ln [- ln(Fg)] as a function of [ ln(T 2) - ln(|q|) - (Eg/T )]. Horizontal axis 
is equal to [ln(x) + ln(τ0Eg)]. Cooling rate is indicated by the number in mK/s. The dashed 
line is a fit to master curve with a Kohlrausch-Williams-Watts function with β = 0.305 and 
τ0 = 2.9×10-54 s. 
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As shown in Figure 3.16, the plots appear straight in the range Fg < 0.7 (ln[-ln(Fg)] 
> -1). This indicates the glass state relaxes to the supercooled liquid following the 
stretched-exponential form. The slope of Figure 3.16 should give the value of β and the 
intercept that of ln(τ0Eg), resulting in β = 0.305±0.01 and τ0 = 2.9 ×10-54 s. This 
relation is applicable for the region 0 < Fg < 0.7, or in terms of temperature judging 
from Figure 3.13, 175 < T < 187 K. The relaxation time τ is determined now as: 
𝜏 = 2.9 × 10−54 exp�2.34 × 104
𝑇
�  [s]                                   (3.11) 
In the range ln[-ln(Fg)] < -1 (Fg > 0.7), the experimental curve shown in Figure 3.16 
deviates from the KWW line gradually as the cooling rate decreases. This deviation 
indicates that it takes longer time to progress the vitrification at the later stage. This 
observation may have some bearing to what Zondervan et al. observed for supercooled 
glycerol at 205 K [11]. Namely, they found that on holding the temperature at 205 K for 
17 days, the shear modulus of the supercooled liquid was non-zero (i.e. sample is 
elastic) and grew by 2 order of magnitude during this period. The authors attributed this 
to formation of a certain solid-like network. 
Using Eq. (3.11), the temperature at which τ to be 100 sec, Tgτ, was calculated as 
183.3 K, which is within the present applicable range in temperature, 175 < T < 187 K, 
mentioned above. This value is consistent with 190 K using TMDSC by Birge and 
Nagel [8] and others using DS [16,17] as shown in Table 3.5. 
The kinetic fragility index, m, is defined as [40-42], m = �dlog(𝜏)d(𝑇g/𝑇)�𝑇=𝑇g =  𝐸g𝑇gln(10).                                     (3.12) 
The value of m for the present work calculated using Tg = Tgτ (= 183.3 K) and Eq. 
(3.12) is 55.4. The result is also listed in Table 3.5, together with m values in the 
literature. 
 
 
 
 
 
 
 
 
57 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
58 
In summary, we introduced a new dynamical scaling method of data analysis for 
TSS. To reiterate: 
1) To determine Fg(T), to draw a figure [1-Fg(T)] vs. T , and to determine TgC(q) at 
Fg(T ) = 0.5, 
2) To draw a figure ln(|q|) vs. 1/TgC(q), and to determine Eg, 
3) To draw a figure [1-Fg(T )] vs. [ln(T 2) - ln(|q|) - (Eg/T )], and to examine the presence 
of a master curve, 
4) To draw a figure ln{-ln[Fg(T )]} vs. [ln(T 2) - ln(|q|) - (Eg/T )], to examine if the plots 
lie on a straight line, and to determine β and τ (T ). 
It should be noted that this algorithm can be applicable not only for the relaxation time 
with Arrhenius behavior but also with Vogel-Fulcher-Tammann (VFT) behavior in the 
calculation of Eq. (3.6). 
b. Discussion 
   The behavior of relaxation time determined by Eq. (3.11) is of Arrhenius type, 
whereas that reported by Birge and Nagel was of VFT type [8] at higher temperature 
range than ours. The Arrhenius behavior was also observed on warming the glycerol 
from 178 to 185 K for the warming-rate ranging from 4 to 0.05 mK/s [36]. Fakhraai and 
Forrest by ellipsometric TSS [43] on polystyrene suggested that the temperature 
dependence of τ changed from the VFT at higher to the Arrhenius type at low 
temperature range. The temperature dependence of rotational and translational diffusion 
coefficients of o-terphenyl was found to change below 290 K (≒1.2Tg) using a NMR 
technique [44]. Minoguchi et al. suggested by dielectric spectroscopy (DS) that the 
faster relaxation process for glycerol changes from the alpha process (VFT behavior) to 
the beta process (Arrhenius behavior) at 205 K as temperature decreased [45]. There 
seems to be the crossover temperature, Tc, at which the T-dependence of τ changes 
between Arrhenius and VFT type. Combining the calorimetric measurements by Birge 
and Nagel [8] and the result of the present work, this crossover temperature could be 
estimated at between 187 and 200 K; because the upper limit of the present study 
showing the Arrhenius behavior was 187 K and the lower limit of the VFT behavior 
was 200 K by Birge and Nagel. 
As one method of characterization, the temperature at which the relaxation time τ 
becomes 100 ses is often quoted as “glass transition temperature”, Tgτ. The values of Tgτ 
was extrapolated using the VFT relation found by TMDSC studies is about 190 K for 
glycerol [8,15]. A recent DS study [17] indicated that the value of Tgτ extrapolating the 
VFT relation for glycerol was 186.33 K at the cooling rate of 33 mK/s. In the present 
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study, the value of Tgτ was found to be 183.3 K by interpolating the Arrhenius relation 
Eq. (3.9). Considering the fact that the methods of determining τ itself are different, the 
similarity of the values of Tgτ is noteworthy. 
 Concerning the kinetic fragility m, the value of m determined by DS under 
unregulated temperature scanning-rate condition was 56 [16]. The values of m 
determined by Wang [17] using DS at the constant cooling rate of 33 mK/s was 52.4. 
The value of m determined in this work using the cooling rate of 4, 2, 1 and 0.5 mK/s is 
55.4. In spite of difference in the methods of measurement and data analysis, the values 
of m for glycerol seem quite similar to each other. 
Schröter et al. collected the value of stretch parameter β for glycerol in literature 
and found that it varies from 0.65 to 0.28 depending on the temperature range [15]. 
Birge and Nagel gave β = 0.65±0.03 at the temperature range from 200 to 220 K using 
TMDSC with the frequency range from 0.2 to 6000 Hz [8]. Christensen gave β ≒ 0.28 
at the temperature range from 176 to 191 K using the frequency from 0.0024 to 0.035 
Hz also by TMDSC [14]. The temperature range of the present work without 
temperature modulation is from 175 to 187 K, which overlaps with the range of 
Christensen. Christensen also found the temperature dependence of τ to be of Arrhenius 
type with the activation energy of relaxation time (2.1×104 K), which matches with our 
value, 2.34×104 K. The present finding that the value of β is 0.305 is approximately the 
same as that of Christensen. These parameters are listed in Table 3.5. Table 3.5 seems to 
assure the analysis method presented here. Namely, by this novel analysis method the 
temperature dependence of τ  could be obtained without an extra temperature 
modulation. Furthermore, a novel dynamical scaling concept using the differentially 
normalized time are useful for analysis of TSS. It is clear from the table that regardless 
of the measurement and analyzing methods, at higher temperature than about 200 K, the 
temperature dependence of τ takes the VFT form, while at lower temperature it shows 
the Arrhenius temperature dependence. The value of β changes from 0.65 to about 0.3 
from the high T to low T regions. The similar observations have been reported for other 
glass formers in the literatures. In the TMDSC study for (o-terphenyl)-(o-phenylphenol) 
mixture, the value of β decreases smoothly from 0.75 at 267 K to 0.6 at 247 K (Tgτ = 
241 K) [46]. The decrease of β from about 1 to 0.3 as temperature decreases was 
observed in a spin-glass system (Au0.86Fe0.14) by neutron spin echo technique [47]. 
These results seem to suggest that at higher temperature than the Tc, which is about 
10% higher than Tgτ, the value of β in the supercooled liquid decreases smoothly to Tc. 
Below Tc whether the value of β for glass stay constant even below 175 K (the lowest 
temperature of our showing) is not clear at this point in time. However, in the vicinity of 
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Tc, there seems to be a sharp change in the value of β. Indeed, the temperature 
dependence of τ seems to change from the Arrhenius for glass and to the VFT for 
supercooled liquid at Tc, as discussed above. We note that the theoretical studies pointed 
the existence of such a threshold temperature at around 1.15Tg at which the nature of 
relaxation mechanism changes in the supercooled liquid [48-50]. 
3.3.4 Solid-Solid Transition 
As shown in Figure 3.2, an additional endothermic peak is observed at 229.1 K at 
the low warming rates of 0.2, 0.1 and 0.05 mK/s. This peak does not shift even when the 
scanning rate is varied within this range, which indicates that this temperature 229.1 K 
is the equilibrium transition temperature, and that there is no relaxation process 
involved. This lack of relaxation suggests that the two solid phases across the transition 
are so similar in crystal structure. The difference could be just due to a conformational 
change of a part of molecule [51]. However, when warming at 0.05 mK/s was reversed 
at 235 K, after the solid-solid transition but below melting, the reverse transition did not 
occur at 229.1 K but at lower temperature with scatter of several degrees. See Figure 
3.17.  
The locus of the sharp exothermic peak on cooling and its shape varied case to case, 
indicating super-cooling for this transition. On the subsequent warming, however, the 
endothermic peak appeared at the same temperature 229.1 K with the same shape and 
size. Furthermore, if the scanning direction is reversed from warming before melting 
but after complete crystallization, the exothermic peak of the solid-solid phase transition 
was also observed at the temperature about 10 K below 229.1 K even at higher scanning 
rates. A similar phenomenon was observed for alkane [52] and was attributed to 
supercooling of the higher temperature solid phase. The transition from the low 
temperature to the high temperature phase did not need any activation process, while the 
reverse showed supercooling. It would be interesting to determine the shear modulus for 
both phases, as Zondervan et al. showed the value was still more than three orders of 
magnitude smaller than that of ordinary crystalline [11]. Presumably the latter 
crystalline could be the high temperature phase. Of course, there is still a possibility of 
more stable crystalline phase of a higher melting point than 289.7 K as we pointed out 
in subsection 3.3.2.3. It would also be important to have any molecular structural 
information for both solid phases. 
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Figure 3.17 Thermograms of glycerol in the vicinity of the solid-solid transition (215 to 
232.5 K) at the scanning rate of 0.05 mK/s. This figure shows the endothermic peak (a) on 
warming and the exothermic peak (b) on cooling. 
The transition enthalpy was determined to be 0.61±0.01 kJ/mol on warming. 
Furthermore, the peak area on cooling was also the same with a larger scatter. This 
value is 4.1 % of the total amount of melting enthalpy. The existence of two possible 
crystal structures would affect the local structure formed in supercooled glycerol, and 
could change the crystal growth pattern in the vicinity of 229.1 K, as observed recently 
[13]. 
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3.3.5 Crystallization Kinetics 
The crystallization of glycerol occurred on warming at different temperatures, form 
210 to 246 K, depending on the scanning rate, as shown in Figure 3.2. In this study, the 
temperature at the minimum of the exothermic crystallization peak in the thermogram is 
denoted as the crystallization temperature Tp, at which crystallization progresses most 
extensively. The value of Tp decreased with decreasing scanning rate. It was 
reproducible within ±0.2 K for a fixed scanning condition. The values of Tp at 
different scanning rates obtained from Figure 3.2 are listed in Table 3.6.  
Table 3.6 The crystallization peak temperature Tp at different scanning rates q. 
q  [mΚ/s] Crystallization peak 
temperature Tp [Κ] 
ln(q) 1000/Tp [1/Κ] 
4.0 246.8 -5.52146 4.052 
2.0 240.5 -6.21461 4.158 
1.0 234.7 -6.90776 4.260 
0.5 228.9 -7.60090 4.368 
0.2 221.6 -8.51719 4.513 
0.1 216.6 -9.21034 4.616 
0.05 212.1 -9.90349 4.714 
Figure 3.18 shows the Arrhenius plot of ln(q) as a function of 1/Tp. The data points 
lie on a straight line with a relation q ∝exp(-Ec /Tp), where Ec = 6.56×103 K. This 
evidence indicates that the crystallization process is governed by a characteristic time 
𝜏c(𝑇) expressed as,  
τc(𝑇) = 𝜏c0 exp �𝐸c𝑇 � .                                                    (3.13) 
The value of an effective activation energy 𝐸c is nearly equal to that of the viscosity, 
Eη = 6.080×103 K [53] that was determined in the same temperature range from 192.5 
to 218.5 K. The latter observation suggests that viscous molecular motion governs the 
crystallization process.  
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Figure 3.18 Arrhenius plot of ln(q) versus 1000/Tp. Tp is the temperature at which the 
exothermic crystallization peak becomes minimum.  
Recently, Zondervan et al. conducted a rheological study with a minute static stress 
on supercooled liquid glycerol [11]. They found that a supercooled liquid had an elastic 
component in a rheological response from the outset. However, the shear modulus of 
the elastic portion separated by a simple phenomenological model increased by two 
order of magnitude on aging at 205 K for 17 days, reaching about the order of MPa. 
This value of a few MPa is still more than three orders of magnitude smaller than the 
shear modulus of crystalline glycerol [54]. On extrapolating the straight line in Figure 
3.18 to Tp = 205 K, the value of q would be q = 0.017 mK/s. Hence, if we managed to 
slow q  down to this value, crystallization would occur at 205 K. At this rate, it would 
take 28.5 days to reach 205 K. The observation by Zondervan et al. that the shear 
modulus kept increasing up to 17 days may be witnessing a slow growth of nuclei. It 
would have been interesting if Zondervan et al. continued their rheological 
measurements further for a month. It would be also interesting to probe the thermal 
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behavior for such a long period. 
To investigate the crystallization process, a quantity describing relative crystallinity 
C is useful. Relative crystallinity is the fraction of crystal part expressed as a function of 
temperature or time and is defined as, 
𝐶(𝑇) = ∫ (d𝑄 d𝑇⁄ )d𝑇𝑇𝑇0
∫ (d𝑄 d𝑇⁄ )d𝑇𝑇t𝑇0      or     𝐶(𝑡) = ∫ (d𝑄/d𝑡)d𝑡
𝑡
0
∫ (d𝑄/d𝑡)d𝑡𝑡t0                      (3.14) 
where T0 and Tt represent the temperature at the onset and the end of the crystallization 
process, respectively. tt is the terminal time at which crystallization completes. 
 The relative crystallinity C of the sample from each warming rate increases with 
temperature or time from 0 to 1. In this analysis, the contribution of solid-solid 
transition is ignored. Figure 3.19 shows relative crystallinity C as a function of 
temperature T at various warming rates. 
 
Figure 3.19 Relative crystallinity C as a function of temperature T at the warming rates of 4, 
2, 1, 0.5, 0.2 and 0.1 mK/s (from right to left, respectively). 
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In research on crystallization kinetics of polymer, the overall crystallization process 
is usually divided into two main stages; namely, primary and secondary crystallizations 
[55-58]. In the present study, we divide the crystallization behavior (process) into three 
main stages: beginning stage (Regime 1), middle stage (Regime 2) and terminal stage 
(Regime 3). The analyses of these three regimes are described in the subsequent 
subsections. 
3.3.5.1 Beginning stage of crystallization (Regime 1) 
Figure 3.20 shows the plots of ln(𝐶) as a function of temperature T at various 
warming rates. It is noted that the plots are nearly straight and parallel each other in the 
range −3.45 < ln(𝐶) < −2.3 (0.032 < 𝐶 < 0.100). Therefore, ln(𝐶) = a1𝑇 + b1 is 
fitted in this range and the results for parameters a1 and b1 are listed in Table 3.7. 
 
Figure 3.20 Plots of ln(C) as a function of temperature T for Regime 1 at the warming rates 
of 4, 2, 1, 0.5, 0.2 and 0.1 mK/s (from right to left, respectively). 
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The temperature span at which C increases from 0.032 to 0.100 is about 2 K; 
therefore, as an approximation the process in this interval can be thought to progress at 
constant temperature, the mean value of the interval. The relative crystallinity C is 
expressed as,  
𝐶 = exp(a1𝑇 + b1),                                                 (3.15) 
Here, the temperature 𝑇 is increasing with time t as, 
𝑇 = 𝑇0 + 𝑞𝑡,                                                               (3.16) 
where, T0 (unknown) is the temperature at which the crystallization start or onset 
temperature of crystallization.  
The relative crystallinity 𝐶(𝑡) can be expressed using t instead of 𝑇 as, 
𝐶(𝑡) = exp(a1𝑇0 + b1) exp(a1𝑞𝑡).                                      (3.17) 
Hence, the coefficient a1𝑞  should be the inverse of the characteristic time, 𝜏1; namely, 
𝜏1 = 1a1𝑞 .                                                                     (3.18) 
Values of 𝜏1 are listed in Table 3.7, and the Arrhenius plot of ln(𝜏1)  as a function of 
1/T is shown in Figure 3.21.  
Table 3.7 Parameters for the Regime 1 of crystallization (0.032 < C < 0.100). 
𝑞[mK/s] Temperature interval for 
regression [K] 
a1 b1 𝜏1 [s] (= 1/(a1𝑞)) 
4.0 240.19 ~ 242.35 0.489 -120.88 5.112×102 
2.0 233.03 ~ 234.88 0.4612 -110.77 1.084×103 
1.0 228.00 ~ 230.00 0.4774 -112.19 2.095×103 
0.5 222.34 ~ 224.28 0.5146 -117.81 3.886×103 
0.2 215.70 ~ 217.52 0.5665 -125.61 8.826×103 
0.1 210.85 ~ 212.80 0.5425 -117.81 1.843×104 
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Figure 3.21 Arrhenius plot of ln (𝜏1) versus 1000/T for Regime 1 of crystallization. 
The characteristic time determined by the Arrhenius behavior is expressed by, 
𝜏1 = 𝜏01 exp(𝐸1 𝑇⁄ ) [𝑠]                                                  (3.19) 
The parameters in Eq. (3.19) are calculated to be 𝜏01 = 3.9 ns and 𝐸1 = 6174 K. The 
activation energy 𝐸1 agrees with 𝐸c. The pre-exponential factor 𝜏01, is the transition 
time at infinite temperature; thus, vibrating frequency in the potential of some units 
whose movement governs the crystallization process (Regime 1) is estimated to be 
2.5  × 108 Hz (=1/2𝜏01 ). The exponential increase of crystallinity C is the same 
characteristic as spinodal decomposition-type ordering [59].   
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3.3.5.2 Middle stage of crystallization (Regime 2) 
Major/primary crystallization progresses in Regime 2, where C > 0.1. The analysis 
of crystal growth by Kolmogorov, Johonson, Mehl and Avrami (KMJA) used images of 
nucleation and subsequent growth to derive the following expression [60-62]. 
𝐶(𝑡) = 1 − exp(−𝑘𝑡n),                                                (3.20)  
where 𝐶(𝑡) is the relative crystallinity at time t, k is the crystallization rate constant and 
n is the Avrami exponent which indicates the nucleation mechanism and growth 
dimension of crystal. Taking double logarithms, Eq. (3.20) is expressed as, ln{− ln(1 − 𝐶)} = ln k + n ln(𝑡).                                     (3.21) 
Using the plot of ln{− ln(1 − 𝐶)} as a function of ln(𝑡) to determine the Avrami 
exponent n in Eq. (3.21) is a well known method in the research of polymer. In addition, 
the Avrami method is based on the assumption that the crystallization temperature is 
constant (isothermal crystallization). Since present measurements are not isothermal, 
there cannot be a crystallization rate constant k; thus, the Avrami model is viewed to be 
not applicable in this work. 
Here, we consider the Ozawa model [63-65] in which Ozawa modified the Avrami 
theory to develop a simple method to study non-isothermal crystallization kinetics. The 
generalized time θ is defined as, 
∆𝜃 = ∆𝑡/𝜏(𝑇),                                                            (3.22) 
or                     ln(∆𝜃) = ln(∆𝑡) − ln{𝜏(𝑇)}                                              (3.23) 
where, 𝜏c(𝑇) is the characterized time of Tp shown in Eq. (3.13). 
Generalized time 𝜃  is independent of temperature, obtained by scaling the 
characteristic time at temperature T. By using 𝜃, the relative crystallinity  𝐶 can be 
expressed as a function of 𝜃 and does not contain q nor thermal history directly. It 
should be noted that the determination of ∆𝜃 is valid when there exists only one 
characteristic time 𝜏c(𝑇) in the material. 
At isothermal condition, 𝜏c(𝑇) is constant, thus, 
∂ln(𝜃)
∂ln(𝑡) = 1,                                                              (3.24) 
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The temperature 𝑇 is increasing with time t as Eq. (3.16), 
𝑇 = 𝑇0 + 𝑞𝑡,                                                                       
Considering that no molecular motion progress at 𝑇 < 𝑇g , we can set 𝑇0 = 0 when 
heating from below glass transition temperature; thus, 𝑇 = 𝑞𝑡. 
𝜃 = � d𝑡
𝜏c(𝑇) 𝑇0 ,                       = −� 𝑞
τc0𝐸c
� exp �−𝐸c
𝑞𝑡
� ,                                                      
= −� 𝑞
τc0𝐸c
� exp �−𝐸c
𝑇
� .                                         (3.25) 
Then, ln(𝜃) = − ln(𝑞) + ln(τc0𝐸c) − 𝐸c 𝑇,⁄                                   (3.26) 
Since 𝑞,  τc0 and 𝐸c are constant on the measurement, we obtain, 
∂ln(𝜃)
∂(1/𝑇) = −𝐸c.                                                         (3.27) 
The Avrami exponent n is given as, 
n =   ∂ ln{−ln(1 − 𝐶)}
∂ln(𝑡) �
𝑇
                
=   ∂ ln{−ln(1 − 𝐶)}
∂ln(𝜃)                 
 =   ∂ ln{−ln(1 − 𝐶)}
∂(1/𝑇)  ∙   ∂(1/𝑇)∂ln(𝜃) �𝑞                                              
= −  ∂ ln{−ln(1 − 𝐶)}
∂(1/𝑇) �
𝑞
 ∙ 1
𝐸c
                                                      
n = −  a2
𝐸c
.                                                                                (3.28) 
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Figure 3.16 shows the plot of ln{− ln(1 − 𝐶)} as a function of 1/𝑇. The plots in the 
figure are nearly straight and parallel to each other in the range −1 < ln{− ln(1 −
𝐶)} < −0.06 (0.31 < 𝐶 < 0.61).  Thus, the regression parameters a2 and b2 are 
determined by fitting the data to the function ln{− ln(1 − 𝐶)} = a2𝑇 + b2 in the same 
range. The values for the regression parameters and the Avrami exponent n are listed in 
Table 3.8. 
 
Figure 3.22 Modified Avrami plot, plot of ln{−ln(1 − 𝐶)} as a function of −1000/𝑇, for 
Regime 2 of crystallization.  
The values of Avrami exponent n range from 3.35 to 3.95. Values nearly equal to 4 
are expected in the case of homogeneous nucleation and subsequent growth in 
three-dimensional space [59,66]. 
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Table 3.8 Regression parameters of modified Avrami plot as straight line ln{− ln(1 − 𝐶)} = a2𝑇 + b2, for Regime 2 of crystallization at 0.31 < C < 0.61. 
𝑞 [mK/s] a2 b2 n �= − a2𝐸c� 
4.0 -25040 101.11 3.84 
2.0 -21867 90.837 3.35 
1.0 -23052 97.997 3.54 
0. 5 -24115 105.29 3.70 
0. 2 -25154 113.38 3.86 
0. 1 -25735 118.66 3.95 
3.3.5.3 Terminal stage of crystallization (Regime 3) 
When crystallization progresses further, the liquid parts remain in the crystal as 
localized areas. As warming continues, these areas shrink to disappear at temperature 
𝑇t   (𝑇t = 𝑇0 + 𝑞𝑡t) and time 𝑡t. When start temperature of warming is set below the 
glass transition temperature, we can put  𝑇0 = 0. To investigate this process, the plot of ln(1 − 𝐶) versus ln(𝑡t − 𝑡)  is drawn as shown in Figure 3.23. 
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Figure 3.23 Plot of ln(1 − 𝐶) versus ln(𝑡t − 𝑡) for Regime 3 of crystallization. tt is 
the terminal time at which the liquid part disappears completely. The warming rates of 
the traces, 𝑞, are indicated in mK/s. 
In Figure 3.23 at ln(1 − 𝐶) < −4.5   all traces show linear relationship as,  ln(1 − 𝐶) = a3ln(𝑡t − 𝑡) + b3                                          (3. 29) 
Thus, the development of the liquid part is expressed as, 1 − 𝐶 = {𝑞(𝑡t − 𝑡)}a3 exp(b3)                                          (3.30) 
The parameters a3 and b3 are determined by regression for 𝑞 = 2, 1, 0.5, 0.2 mK/s at  
−7.5 < ln(1 − 𝐶) < −4.5  (0.9889 < 𝐶 < 0.99945) , and for 𝑞  = 4, 0.1 mK/s at 
−7.5 < ln(1 − 𝐶) < −5.5  (0.9959 < 𝐶 < 0.99945). They are listed in Table 3.9. 
 
73 
Table 3.9 Regression parameters of the traces in Regime 3 of crystallization, where the 
linear segment is described the relationship: ln(1 − 𝐶) = a3ln(𝑡t − 𝑡) + b3. 
𝑞[mK/s] a3 b3 Interval of (1-C) for regression 𝑇t [K] 
4.0 2.07 -20.078 0.00055 ~ 0.0041 260.74 
2.0 1.92 -20.553 0.00055 ~0.0111 259.90 
1.0 1.88 -21.523 0.00055 ~ 0.0111 260.63 
0. 5 2.54 -29.185 0.00055 ~ 0.0111 244.20 
0. 2 2.23 -27.834 0.00055 ~ 0.0111 239.20 
0. 1 2.73 -35.232 0.00055 ~ 0.0041 235.00 
Crystallization behavior in Regime 3 could be separated into two groups (group A 
and B), with that at 𝑞 = 0.5 appearing to be the transition between the two groups. The 
shrinking pattern of droplets depends on the shrinking speed at droplet boundaries, the 
distribution of the droplet size, and the geometry and/or dimension of droplet surfaces. 
The shrinking speed of a droplet at the boundary between liquid and the surrounding 
crystal depends strongly on temperature and crystal structure. The properties of the two 
groups of crystallization behavior are described as the following. 
Α: 𝑞 = 4, 2, 1 mK/s, a3 ≒ 2 and 𝑇t ≒ 260 K 
Β: 𝑞 = 0.2, 0.1 mK/s, a3 ≒ 2.5 and 𝑇t ≒ 237 K 
Considering the facts: the nucleation peak is around 213 K and the temperature at which 
crystal growth speed becomes maximum is around 270 K [2], the nucleation hardly 
occurs at around 260 K and the crystal growth speed at 260 K is much higher than at 
237 K. Hence, the reason why a3 for group B is larger than that for group A is thought 
to be that group B possesses additional contribution from nucleation at the boundary 
surface. 
The characteristics of the three crystallization regimes are list in Table 3.10.  
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Table 3.10 List of the characteristics of the three crystallization regimes.  
 Regime 1 Regime 2 Regime 3 
Relative crystallinity (C) 0.032 ~ 0.100 0.31~ 0.61 0.9889 ~ 0.99945 
Equation describing 
crystal growth with 
time: C(t) = 
∝ exp(a1𝑞t) 1- exp(-kt n) 1-𝑞Pa3exp(b3)(tt-t)a3 
Characteristic regression 
parameters 
Ε1 = 6174 Κ n: 3.35 ~ 3.95 a3: 1.88 ~ 2.73 
Basic mechanism 
[50,59,66] 
“Spinodal 
decomposition 
type” 
3-Dimensional 
+ nucleation 
2-Dimentional 
(at surface) 
3.3.6 Nucleation in supercooled liquid glycerol on cooling 
A small endothermic peak was observed on the cooling of supercooled liquid 
glycerol at a temperature range from 205 to 218 K (inset of Figure 3.1). Although the 
amount of exothermic heat of this peak is very small (about 0.15% of the melting 
enthalpy), it suggests that some transformation progresses at this temperature range. In 
an early study on the crystallization of glycerol by Tamman [2], the temperature 
dependence of nucleation rate was described as shown in Figure 3.24. The figure shows 
that nucleation occurs between 206 and 223 K (-67 to -50º C), and is maximal at 213 K. 
To examine the role of this exothermic transformation, experiments were performed in 
which cooling is turned to warming around 213 K at a scanning rate of 2 mK/s. If the 
turning temperature is below 214 K, the specimen crystallizes on warming; whereas, 
switching at temperatures above 218 K does not initialize crystallization. This indicates 
that nucleation occurs at this temperature range, and the exothermic heat is caused by 
nucleation. Surprisingly, this peak is accompanied by ballistic heat flow as described in 
next section.  
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Figure 3.24 The nucleation number of glycerol (Kerne/cm3) as a function of temperature 
(°C) [2].  
3.3.7 Fluctuational phenomena 
3.3.7.1 Ballistic heat flow on cooling 
From the measurement of heat flow, abrupt exothermic/endothermic heat is 
observed as shown in Figure 3.25. Abrupt increase/decrease of output voltage (V) does 
not depend on neighboring ones. The spike in Figure 3.25 indicates heat absorption of 
about 100 nJ. The enormous ballistic heat flow suggests the existence of collective 
molecular movement.  
 
 
 
 
 
Temperature 
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To focus on this anomaly, the second difference of measured voltages (SDV) was 
calculated as, SDV(n) ≡ {𝑉(n) − 𝑉(n − 1)} − {𝑉(n − 1) − 𝑉(n − 2)} = {𝑉(n) + 𝑉(n − 2)} − 2𝑉(n − 1)                                           (21) 
where V(n) is nth data of the output voltage of heat flow sensor.  
 
Figure 3.25 Example of output voltage of heat flow sensor versus data measured every 
second. 
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Figure 3.26 Distribution of second difference of output voltages of heat flow sensor, 
obtained on cooling of glycerol at the rate of 0.05 mK/s. Total number of sample is 2.6 × 
106.  
Figure 3.26 shows distribution of SDV for 2.6 × 106 samples. The distribution 
exhibits bilateral symmetry about zero in horizontal axis. Figure 3.27 is an expansion of 
the bottom part of Figure 3.26. A normal distribution whose mean and variance equal to 
those of the experimental distribution, is also drawn with a dashed line for comparison. 
The two distributions cross at around |SDV| = 10 nV, and the occurrence of larger SDV 
values in the experimental distribution indicates that it contains the endo/exothermic 
bursts.  
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Figure 3.27 Bottom part of Figure 3.26, showing the distribution of SDV from cooling 
glycerol at the rate of 0.05mK/s. The dashed line is a normal distribution having the same 
average and same variance. 
To examine the behavior of ballistic heat flow whose absorbed/released energy is 
larger than about 50 nJ, the data for |SDV| > 28 nV are chosen to define heat burst (HB). 
The total number of HB in the 2.6 × 106 samples is 5322. Figure 3.28 shows the 
histogram of HB as a function of temperature at 1 K intervals. The generation of HB 
does not seem to be uniform with temperature, but seems to be more frequent at specific 
ranges of temperature. The arrow in the figure indicates the temperature range of 
nucleation (Figure 3.24) and this will be discussed in the next subsection. 
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Figure 3.28 Histogram of heat burst (HB) observed on cooling at the rate of 0.05 mK/s at 
intervals of 1 K. The total number of HB is 5322. The arrow indicates the range of 
temperature in which nucleation occurs.   
3.3.7.2 Fluctuational heat flow at temperature range for nucleation (197-225K) 
Concerning this temperature range, many researchers have made comments based 
on experiment and theory. As mentioned earlier, Tamman described nucleation 
occurring in temperature range from 206 to 223 K and the maximum occurring at 213 K 
[2]. Mobius and Xia [12,13] discovered the formation of the solid-like percolation 
network at 205 K using a visco-elastic experiment. Baran et al. reported the existence of 
fluctuating metastable nuclei at around 1.2Tg using DSC and Raman scattering 
experiments on salol and benzophenone [67]. Theoretically, the occurrence of 
ergode-nonergode transition was predicted at above Tg [48]. Furthermore, the 
occurrence of liquid-liquid transition in the molecular liquid, triphenyl phosphite, was 
reported at around 1.2Tg [68]. The existence of fragile-strong liquid transition is also 
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sought experimentally. 
According to the earlier experimental results, the fluctuational heat in supercooled 
liquid at this temperature range can be considered as strongly fluctuating networks 
developing in length and connectivity to form a percolation network. The formation of 
the percolation network is only a preparation for nucleation because the network does 
not grow directly into a crystal. It may be possible that a “strong liquid” part makes a 
network embedded in “fragile liquid”. If so, it is necessary that the “fragile liquid” 
change to “strong liquid” to nucleate and grow the crystal. 
If the fluctuational heat flow is attributed to the formation of the percolation 
network, it brings a new question: what causes the other fluctuational of heat flows 
observed at temperatures from 1.2 Tg to Tm? The answer is not clear at present; thus, 
further research is expected in the future.  
3.4 Conclusion 
   The study of the thermal behavior of supercooled liquid glycerol was carried out 
using very sensitive and high-resolution single scanning calorimeters, SC2 and SC3. 
Thermograms of glycerol in a cooling and warming cycle with the identical scanning 
rates of 0.05, 0.1, 0.2, 0.5, 1, 2 and 4 mK/s were obtained in the temperature range from 
above its melting point (293 K) to below its glass transition temperature (163 K). The 
reproducibility of the thermograms was excellent. The thermograms exhibit nucleation, 
glass transition, crystallization, solid-solid transition and melting peaks. The nucleation 
peak was found at around 214 K on cooling.  
The crystallization process was observed on warming supercooled glycerol, and the 
crystallization temperature Tp was dependent on the scanning rate. The characteristic 
time governing the crystallization process was found to have the Arrhenius-type 
behavior with an effective activation energy Ec, which is about the same as that of 
viscosity. The crystallization process was separated into three regimes: 1) ordinary 
supercooled liquid is regenerated to prepare for nucleation and crystal growth, 2) crystal 
growth with homogeneously distributed nucleation in three-dimensional space, and 3) 
liquid droplets remaining in the crystal shrink to complete crystallization.  
In addition, a new solid–solid phase transition was discovered in glycerol crystal at 
229.1 K, which was independent on the scanning rate. The shape and position of the 
endothermic melting peak were also found dependent of scanning rate, but the width of 
the melting peak was larger than 10 K, which suggests that structural distribution exists 
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in the crystal. The melting process was separated into two stages: 1) liquid droplets are 
born in the crystal independently and develop to aggregate and form a percolation 
network, and 2) the crystal grains remaining in bulk liquid shrink to complete liquid 
formation. Recrystallization is reversible in stage 1, and irreversible in stage 2.  
   For glass transition on warming, the temperature Tg’ varied with scanning rates, and 
this dependence is of the Arrhenius type. The effective activation energy that governs 
the glass transition process, Eg’, is equal to 3Ec. However, the glass transition 
temperatures of glycerol TgC depending on the cooling rate are determined precisely 
within ±0.03 K using a new definition as the temperature at which the fraction of glass, 
Fg, on cooling to be 0.5. The traces of Fg for different cooling rates are scaled to a 
master curve using a differentially normalized time. The master curve is successfully 
fitted to the Kohlrausch-Williams-Watts function. We found that the relaxation time 
takes the Arrhenius form in the range from 175 K to 187 K. We determined the values 
of β , τ (T ), Tgτ and m, and discussed them by comparing with the evidences in the 
literature. We suggest that for glycerol there are two temperature regions bounded at 
about 1.1Tgτ in which the relaxation behavior is different. The analyzing algorithm used 
in the present discussion can be applicable for other relaxation processes than glass 
transitions. It could also be useful for not only calorimetric measurements but also 
dilatometric, dielectric, viscoelastic measurements, etc, even without field modulation. 
The fluctuational heat flow in the temperature range from 197 to 225 K has been 
considered to be the solid-like percolation network, which is a preparation for 
nucleation because the network does not grow directly into a crystal, or it may possibly 
be fragile-strong liquid transition. 
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Chapter 4  
Conclusion 
This thesis deals with the application of three types of laboratory-developed 
calorimeter: SC1, SC2 and SC3. SC1 is a convenient and portable unit fitting the PDL 
concept. SC2 expands the working temperature range of 150-350 K. SC3 is the most 
sensitive model with a working temperature range of 150-350 K. SC2 and SC3 were 
used in the study of supercooled liquid glycerol, and their excellent performance was 
demonstrated. Furthermore, an evaluation method for the thermoelectric module and the 
calibration for its heat flow sensor are presented in this thesis.  
 
The bulk of this thesis presents experimental evidence on what happens in 
supercooled liquid glycerol. Both crystallization and melting processes are described in 
details. A new solid-solid transition in crystal phase and a transition in supercooled 
liquid are discovered. The experimental results, especially the existence of fluctuational 
heat flow and the dependence of Tg on thermal history, strongly suggest the occurrence 
of structural heterogeneity in supercooled liquid glycerol at temperature between Tm 
and Tg. 
 
It is proved that the apparatus, SC2 and SC3, having PDL concept are useful enough 
for research. 
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